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ABSTRACT

The storm response of a point absorber wave energy device and mooring design was
investigated using a Froude scaled physical model and computer software. This testing allowed
the behavior of the device to be observed and analyzed in a controlled environment before future
field testing at a site south of the Isles of Shoals, New Hampshire. The information gathered can
then be used to make design changes and improvements before finalizing the design.
A scale model of the Healy Wave Energy Converter (WEC) was built and tested in the
University of New Hampshire wave tank. The data collected from this physical testing provided
a reliable way to calibrate and verify a numerical model constructed using OrcaFlex. The
numerical model was then subjected to storm wave conditions outside the range of the wave
tank. The behavior of the WEC and mooring system were investigated for storm survivability.
The proposed mooring design was found to have snap loading at storm amplitudes,
raising concerns for line failure or damage to the WEC. The solution approach for reducing snap
loading was to add compliance to the lines. During random sea storms, no matter the mooring
configuration, the WEC experienced very violent conditions with large loads and complete
submergence. The final design of the WEC will need to have watertight integrity with a mooring
that minimizes line loads, while also being able to survive storm conditions.

xvi

CHAPTER 1
INTRODUCTION

1.1 WAVE ENERGY CONVERSION
With mans’ carbon footprint constantly increasing and the environment changing, using
renewable energy is more important than ever. The most abundant source of renewable energy is
the Sun, which continuously hits the earth with 173,000 terawatts of solar energy, or more than
10,000 times the world's energy needs (Chandler, 2011). This energy can be captured directly
from Solar (photovoltaic or heat) or indirectly with the wind and waves the Sun creates.
Immense progress has been made over the years to convert direct solar and wind energy into
electricity, and numerous technologies are now commercially available to power individual
homes or whole communities. But what about the waves?
When the sun heats the Earth it creates wind, and when this wind blows over the open
ocean it creates surface gravity waves, which hold a lot of energy. With Earth’s surface being
about 70% ocean, there is a large potential for capturing energy from these waves. The coastline
of the United States is estimated to have enough wave energy to produce 64% of the U.S. energy
needs (EIA, 2020). With so much potential energy off the coast of the United States where a
large part of the population lives, why isn’t wave energy being used to power our coastal
cities?
Building for the ocean comes with major hurdles that are not experienced for terrestrial
devices. Wind, waves, currents, and salinity create extreme conditions that a device must
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survive. Terrestrial devices have moving parts, but the main structure is stationary, whereas
ocean devices floating in the water column must move with the ocean while remaining anchored
to the seafloor. Waves carry a lot of energy with them, which is why they are a good source for
producing electricity, but this also means ocean devices can experience very violent conditions.
Devices in the ocean need to be analyzed and designed to withstand these turbulent conditions. It
is difficult to design devices to withstand the ocean environment, and the added robustness of the
devices comes with additional costs and weight.
For devices that float, weight distribution and restrictions are very important and can be
the limiting factor of the design. If a device is too heavy it can sink, or if the center of gravity is
too high it will be unstable in waves. The mooring that holds the device needs to not add too
much weight to the system, and be able to withstand the violent storm conditions that will occur,
while not interfering with energy production of the device.
A mooring that can go through the worst storm imaginable unharmed may restrict the
device’s ability to capture the waves, while a mooring that allows for full motion may not
survive even a mild storm. Therefore, a happy medium needs to be found to allow for range of
motion during energy production, but also be able to survive storms. If a device or its moorings
fail, not only does it become a safety hazard, but it can also damage ships, coastal property, or
fragile ocean environments. Years of research and development can be lost to the ocean and it
can be hard for a company to survive that.
The ocean environment also makes testing new devices difficult and expensive. The
testing site needs to be close to shore to be easily accessible, but cannot interfere with established
shipping lanes or fishing sites. The transportation and deployment of devices require a lot of
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planning in order to be done safely, and is very dependent on the sea state. Additionally, the use
of deployment vessels adds complexity and expense to an already complicated situation.
Due to the difficulty, cost, and hazards of testing a new device for the first time, an idea
of how the device will perform in different wave environments is needed. There needs to be
confidence in the device’s survivability before it is deployed in the ocean. If a device were to
sink or break free, recovery operations would be costly and could result in possible
environmental impacts and damage to property.
To gain an understanding of device performance, scale model testing and numerical
modeling should be performed on models of the device before full-scale prototyping. The device
can be observed in a controlled environment and changes can be made easily and cheaply to a
model. Once the desired configuration/results are found, these changes can be implemented into
the actual device before deployment.

1.2 HEALY WAVE ENERGY CONVERTER
There are several different types of wave energy device technologies that have been
developed, such as point absorbers, attenuators, oscillating water column devices, and
overtopping devices. Each of these technologies has several different ways in which to operate.
The Healy wave energy converter (H-WEC), investigated in this thesis, is a point absorber
device. Point absorbers are two body devices that use the motion of passing waves to create
relative motion between the two bodies.
The H-WEC uses an inertia tube/piston system to create this relative motion (Figure 1). It
is based on the inertia tube concept described by Falcao et al. (2011). The general idea is to
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create relative motion between two bodies, in this case the float/inertia tube and piston, that can
be used to drive a power takeoff system (PTO). As seen in Figure 1, the inertia tube is attached
rigidly under the buoy float. Water is free to flow in and out of the tube through openings at the
top and bottom. Inside the tube is a neutrally buoyant piston that is free to move vertically. The
piston is attached to a PTO inside the buoy float through the piston rod.
As waves pass by the buoy, the float and inertia tube follow the shape of the wave. This
creates vertical heave. As the buoy moves up, water flows in at the top of the inertia tube. The
inertia of this water holds the piston in place, while pushing water out the bottom. As the buoy
comes back down, water flows in at the bottom of the tube. The water pushing back holds the
piston in place while forcing water out the top. The relative motion created between the piston
and the rest of the buoy is used to drive a PTO system to generate electricity.
The PTO in the H-WEC uses a low pressure air compressor to drive an air turbine that
runs a generator. Being a prototype device, power transmission has not been considered yet and
any energy produced will be dissipated by onboard resistors. More information on the Healy
WEC can be found on the Healy Wave Energy website at https://www.healywaveenergy.com/.
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Figure 1: Simplified schematic of Healy WEC. The PTO and its components are housed in and
on top of the engine room. These components have been removed from the schematic to show the
model setup (picture provided by Toby Dewhurst). The HWEC is 70.1 feet tall, has a diameter of
16.8 feet, and a weight of 48 tons.

The H-WEC had initial physical scale model testing performed in the UNH wave tank to
measure wave response dynamics and estimate potential power output by Swift et al. (2013).
Power estimates were refined using computer modeling as reported by Dewhurst and Swift
(2015). With the generator system sized based on this testing, construction of the buoy was
started. During constructions there were concerns of durability for the ocean environment. To
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address these concerns, components were upgraded or reinforced to add robustness to the
system.
With the added robustness comes added weight, and with the WEC being a floating body,
weight restrictions are critical for the WEC to float properly. With the majority of the PTO being
housed in the buoy float and above the waterline, this raised the center of gravity. If the center of
gravity is too high and the righting moment small, this can cause pitch instability in a wave field.
For the WEC to perform efficiently and convert energy, it needs to be upright in the waves. To
alleviate concerns of pitch instability a mooring/bridle system was designed by the consulting
firm Maine Marine Composites (MMC) to keep the WEC upright. This mooring system is shown
in Figure 2 and was discussed by MacNicoll and Dewhurst (2018). This mooring will be
identified as the CB mooring for compensator buoy/ bridle configuration.

Figure 2: Mooring schematic of the CB mooring design. The three compensator buoy mooring
lines (anchor lines) continue to drag embedment anchors on the seafloor.
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While the mooring was designed to keep the WEC upright, it also needs to allow for
freedom of movement, because for point absorbers to capture wave energy they must be free to
move with the waves, but also remain anchored securely to the seafloor. The proposed mooring
design for the H-WEC (Figure 2) consisted of three legs spaced 120 degrees apart. Each leg has
an embedment anchor attached to a length of 3 inch chain on the seafloor. From the chain, 2 3 4
inch nylon rope ascends to the surface and attaches to a compensator buoy. The compensator
buoy is then connected to the WEC through a bridle, the top bridle line is 2 3 4 inch nylon rope
with a short section of 2 inch chain attached at the bottom of the float. The bottom bridle line is a
length of 2 inch chain that attaches to the bottom of the inertia tube. The compensator buoy is
there to take the vertical loads of the anchor line so there is no downward pull on the WEC. The
bridle system was designed to keep the WEC vertical and prevent extreme pitching in waves.

1.3 OBJECTIVES
At the time of this study, the WEC and mooring system were in the final stages of
prototype construction and had yet to be field tested. To gain a better understanding of how the
system would perform in extreme storm conditions, physical scale model tank testing and
numerical modeling using the commercial software OrcaFlex were performed on models of the
WEC and mooring. The findings gathered from this testing could then be used to make
adjustments to the full-scale prototype before ocean deployment at the University of New
Hampshire research site, 1.4 nautical miles south-southwest of White Island, Isles of Shoals. The
ability of the H-WEC and mooring system to survive storm waves was the focus of this
investigation. Beyond the specific interest in the H-WEC, study goals included developing
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reliable design analysis and testing methods, as well as acquiring insights into dominant physical
processes, for the general case of WECs in storm conditions.
Specific objectives of this study were:
•

Design and fabricate a new H-WEC physical model representing the updated design
specifications.

•

Implement an OrcaFlex model of the H-WEC and mooring system incorporating the
MacNicoll and Dewhurst (2018) features.

•

Conduct hydrostatic, inclination, and free-release tests for heave and pitch, and calibrate
OrcaFlex parameters for best agreement.

•

Conduct wave tank tests for the H-WEC and the 3-leg mooring system with compensator
buoys. Evaluate the OrcaFlex model with this independent data set.

•

Use the OrcaFlex model to identify design issues, explain their physical basis, and
evaluate design changes made to mitigate problems.

•

Run storm condition, random sea cases for selected designs/configurations.

1.4 APPROACH
A 1:12.9 scale model of the Healy WEC and mooring system was constructed using
Froude scaling. With Froude scaling, the Froude numbers at model and full scale are matched.
Thus, the ratio of inertial to gravitational forces is the same at model scale and full scale. Gravity
provides the restoring force for waves, so Froude scaling ensures dynamic similitude for wave
forcing experiments (Chakrabarti, 1994). Free release testing and small amplitude wave testing
were performed on the model in the UNH wave tank (McCormack, 2010). For wave
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experiments, a three-leg mooring system with compensator buoys was implemented in the UNH
wave tank. To do this within the confines of the tank, one leg was aligned along the tank axis.
The other two mooring lines were turned around smooth, vertical columns placed near the tank
walls.
The Orcaflex commercial computer software package was selected for the finite element
wave response analysis. Orcaflex has been found to provide accurate predictions for a floating
oscillating water column WEC held in place by a semi-taut mooring system (Paduano et al.,
2020). A full-scale model of the H-WEC was constructed in the OrcaFlex modeling software,
and was calibrated using the free release testing data of the scale model. To validate the
OrcaFlex modeling, the numerical model was then run with the same small amplitude waves
from scale model testing. Next, the numerical model was subjected to waves outside the range of
the UNH wave tank. Since under storm conditions the WEC piston would be locked for safety,
the piston was fixed during all modelling.
Single frequency, large amplitude, long period storm waves were first simulated to
observe the mooring performance, both qualitative (simulation animations) and quantitative
(tension plots). Motions results are presented in the form of Response Amplitude Operators,
defined as response amplitude normalized by the corresponding wave forcing amplitude, as
discussed by Berteaux (1991). Based on observed physical processes, two new configurations
were proposed to reduce snap loading by adding compliance to the system. These two
configurations, along with the original CB mooring, were used in the next phase of storm
simulations. These models were subjected to random sea wave fields and evaluated based on
mooring line loading and WEC submergence.
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CHAPTER 2
SCALE MODEL TANK TESTING

2.1 OVERVIEW
Scale model testing was performed in the University of New Hampshire’s (UNH) wave
tank to investigate the wave response dynamics of the Healy Wave Energy Converter (WEC).
Experiments were conducted to determine the free release dynamics of the buoy and to evaluate
the compensator buoy/bridle configuration of a new mooring system designed to minimize
angular motion. Figure 3 shows the scale model used in the testing, it has an overall height of
53.5 inches, a maximum diameter of 14.8 inches at the water plane, and weighs 41.3 pounds.
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T ballast
7.89 in Ø
Tracking Targets

7.375 in

Upper Cylinder

Float

11.75 in

14.8 in Ø
53.5 in

Inertia Tube
with internal
piston

30.25 in

5.5 in Ø

Figure 3: Schematic of H-WEC in model configuration. Part of the PTO and its components are
housed in and on top of the engine room. For modeling, these components have been represented
by the upper cylinder and T ballast.
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The Healy WEC has had some design changes since its original design (see Swift et al.
2013 and Dewhurst and Swift, 2015); the buoy and PTO system have had countless
improvements to increase durability and reliability for an ocean environment. Increasing
durability usually correlates to an increase in weight. With the PTO being housed in the buoy
float and upper structure, this added weight has slowly raised the center of gravity (cg). This has
increased concerns about pitch and roll stability.
To help prevent waves from knocking the WEC over, a new mooring and bridle system
has been proposed (MacNicoll and Dewhurst, 2018). One leg of this new three-leg configuration,
discussed previously, is shown in Figure 4. This new setup uses a compensator buoy with bridle
lines going to the bottom of the float and bottom of the inertia tube. The compensator buoy then
attaches to the mooring line. This setup should help keep the buoy vertical without impacting the
heave motion.
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C
A
Figure 4: Mooring/Bridle set up. (A) bottom chain, (B) nylon, (C) chain, (D) compensator buoy
(lengths in meters). This schematic shows one leg of three of the newly proposed bridle and
compensator buoy configuration tested in the UNH wave tank (picture provided by Toby
Dewhurst).

A numerical modeling software called OrcaFlex (https://www.orcina.com/) was used
throughout the mooring design process for predicting the buoy dynamics. Numerical modeling is
a powerful tool for engineering design and analysis once the model is validated with
experimental observations and data. Therefore, to further test and evaluate the design, a physical
scale model was built and tested in a scaled down wave tank environment.
The following chapter details testing performed using a scale model of the H-WEC in the
UNH wave tank. The testing included an inclination test, free release, and single frequency wave
response experiments. Since these tests would be used to infer how the new mooring system
affects overall buoy dynamics, the piston was locked in position for all tests for simplification.
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Initial testing was performed on an old scale model with a single mooring leg to confirm
OrcaFlex and the tank could produce similar results. A new model with the complete mooring
system was then tested in the same manner.

2.2 SCALING
When scale model testing, the device and environment need to be scaled in a way so the
dynamic response of the physical scale model is equivalent to that of how the full-scale device
will perform. The system for scaling used in this testing was Froude scaling. Froude scaling uses
the dimensionless Froude number,
=

=

[1]

where U is the water velocity, g is gravity, and d is the characteristic length dimension to
determine scaling factors. The Froude number of the full-scale model is set equal to the Froude
number of the model-scale model using dimensional analysis. The following equations are a few
of the scale ratios used to build and analyze the scale model.
=
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The resulting scale model built using these ratios will have geometric similitude to the full-scale
device and will perform similarly dynamically when the wave environment (height and period) is
also scaled using the same ratios. This will allow for the result collected during scale model
testing to be scaled up for full-scale analysis (Charkrabarti, 1994).

2.4 SCALE MODEL BUILDING
Using what was learned from the preliminary testing, a new improved scale model was
built. It was decided to use a larger scale of 12.9 so the model would fit in the wave tank better,
allowing 3 mooring legs to be attached. This scale was chosen by matching the available PVC
pipe size used for the inertia tube to the full-scale WEC. The outside diameter of the actual WEC
inertia tube was divided by the outside diameter of 5 inch class 125 PVC pipe, this yielded the
scale of 1:12.9. This new model has the same scaled dimensions as the full size WEC as
provided by MMC.
Several materials were considered for the float such as foam, plastic, aluminum, and
wood. Foam would have been the cheapest and easiest to build, but it lacks strength and the old
foam model leaked and absorbed water. Plastic and aluminum could be made thin and
lightweight, while remaining strong, but the diameter required was very expensive.
Consequently, it was decided to construct the float out of wood, with some aluminum pieces and
PVC pipe for the inertia tube.
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Before beginning the build process, a SolidWorks model was built using material density
to check if the chosen materials would be underweight and allow for cg adjustments. The
SolidWorks’ analysis showed that the model would be underweight, so construction began. To
make the buoy float, blocks of 3 inch by 6 inch maple were glued together to make three larger
blocks (Figure 6). A test piece of 2 by 4 pine lumber was glued and machined first; however, the
glue joints were stronger than the wood and the wood split too easily when clamping. Therefore,
a hard wood was needed and maple was selected.

Figure 5: Float pieces.

After the glue cured, the blocks were machined in a CNC machine to make them
cylindrical with the desired outside diameter. Dowel holes were also added on the top and
bottom for when the pieces would be glued together later for the final shape. The block for the
bottom of the float had a hole drilled through it to allow the piston rod to pass through. It was
16

then placed in a lathe to machine the taper. These three pieces were then glued together using the
dowel holes. The wooden float ended up being several pounds heavier than the SolidWorks
analysis predicted, so the float was clamped back in the machine and the walls were thinned
from the inside to remove weight (Figure 7).

Figure 6: Float pieces being machined into their final shape.

An aluminum post was glued in the center of the float to act as a guide for the piston rod
and to keep the float watertight. The post also holds a stainless steel ballast weight in the center
17

that can be adjusted up and down to change the cg (Figure 8 top). On the bottom of the float an
aluminum flange was mounted to hold the inertia tube (Figure 8 bottom). The float was coated
with 5 layers of marine epoxy resin inside and out to waterproof the wood.

Figure 7: Top, aluminum post with adjustable ballast. Bottom, inertia tube flange.

After completing the float, the inertia tube was constructed. It was built out of two sizes
of PVC pipe. The top and bottom are a piece of 5 inch class 125 pipe. The middle section is a
piece of 6 inch schedule 80 pipe. The middle section was machined down on a lathe to get the
proper O.D. Two aluminum couplings were machined to hold the sections of the PVC pipe
together. Inside the inertia tube a thin aluminum piston was attached to a 3 4 inch PVC pipe
piston rod (Figure 9).
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Figure 8: Inertia tube and piston.

The top of the float was covered by a plexiglass disc to seal the float from water intrusion.
On top of this, the upper piston cylinder was made from two smaller plexiglass disks separated
with steel rods and wrapped in plastic film, to give the model WEC the shape of the full-scale
WEC. Between the cover and upper cylinder, a sheet metal disk was mounted. This disk is for
small ballast weights that could be moved horizontally on magnets if needed. This upper
structure is lightweight, so to keep a similar mass distribution from the full scale WEC, a steel
rod was placed inside the piston rod and held in place with a pipe T so it sits within the shape of
the upper cylinder (Figure 10). Since the piston will be locked for all testing, this will not affect
the cg. If future testing were to include power generation, this part would have to be redesigned.
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Figure 9: Upper cylinder structure.

With all the pieces assembled, the next step was to find the vertical cg of the model WEC
and place and size the ballast to match the full scale WEC cg location. To do this, the mass of
each component was determined and then cg was established either by assuming it was in the
center or balancing on a narrow edge. The overall vertical location of the ballast was determined
using the center of gravity formula,
&'( =

∑ &* %*
%+
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[5]

where &'( is the overall center of gravity of the buoy, &* is the center of gravity of individual

components, and %+ and %* are total weight and component weight, respectively. With the

model cg calculated, the ballast location was determined by using formula 5 again, where &'( =
8.16

and solving for &* of the ballast. With the location determined, the ballast was placed,

and the cg was verified by balancing the WEC on a narrow edge (Figure 11). Table 1 shows
some of the model’s physical properties.

Figure 10: Model WEC being balanced to verify the cg.

Table 1: Buoy full-scale and model scale physical properties.

Parameter

Full scale H-WEC

1: 12.9 scale model

Weight

86,457.8 lb

40.22 lb

Center of gravity

105.22 inches from ceiling

8.16 inches from ceiling

Float diameter

192 in

14.8 in
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2.3 PRELIMINARY TESTING
To see the new mooring bridle system in action, preliminary wave tank testing was
performed on an old Froude-scaled 9.4 scale model of the H-WEC, built back in 2013 out of
ridged foam and PVC pipe for feasibility testing. While this worked well for its original purpose,
with the design changes some of the dimensions of this model no longer matched the full-scale
WEC. To get the best match for preliminary testing, the full-scale float diameter was divided by
the model-scale float diameter yielding a new scale of 9.7. This allowed the water plane area to
be an exact scale to the full-scale WEC, however other dimensions were slightly different.
The testing of the buoy was performed in the UNH wave tank. The wave tank has a test
section 90 feet long, 12 feet wide, and 8 feet deep. Limited by the length and width of the tank,
only one full mooring leg was used (Figure 5). Adding in the two forward mooring legs would
have required them to be redirected, and with the size of the model, the redirection point would
have been in the middle of the bridle. This may have affected the bridles action, and since the
bridles use was the area of concern, it was decided to try with one leg.

Figure 11: Buoy with compensator buoy in testing setup.
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Before the wave testing was conducted, free release testing was performed for heave and
pitch. When performing these tests, it became very apparent of the instability of the WEC due to
the high cg. The WEC floated at an inclination and when trying to perform the free release test,
the WEC wanted to spin on its vertical axis. This made it difficult to track the WEC because the
tracking targets would spin out of view. Since this free release testing is the way to calibrate the
OrcaFlex model, it is very important to get reliable data.
To try and correct this, the ballast (60.7 lbs) was rearranged and a small ballast was added
to allow the buoy to float close to vertical. However, this caused the cg to change and ended up
being lower than intended. Part of this ballast was a coil of chain piled to one side; this made the
cg location a little difficult to determine. Since the buoy was made from foam and had a large
amount of loose ballast, the cg was only a best estimate with calculations and could not be
verified by balancing the WEC without it collapsing on itself. When it came to OrcaFlex static
calibration, the cg was determined using an iterative approach, which is to increase or decrease
the OrcaFlex cg until it matched the inclination angle of the physical model.
With the model balanced as best as possible, the wave testing was performed. Having use
of only one mooring leg made the model WEC even more off balance. The added weight of the
single bridle chain caused the buoy to float at an inclination back towards the mooring and it
remained this way for most of the test. This inclination would affect getting an accurate
measurement of WEC heave and pitch.
Another problem with the one mooring leg was when the buoy was in a wave train, the
one mooring leg did not hold the buoy steady. The buoy moved all over the tank, pulling the
mooring tight, then slackening, then pulling it tight again. There was also a bit of lateral
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movement and the buoy would get close to the tank walls. This lateral movement would make
video tracking data unusable.
The one leg was also a problem when modeling this setup in OrcaFlex; with full scale
mooring lines the one leg would collapse on itself during the static calculation and all lines
would be vertical. Then when the dynamic calculations were run, the loose, vertical bridle lines
would cause the simulation to be unstable and the software would abort the simulation. A
constraint had to be used that held the buoy in place during static calculations and released it
during dynamic. This kept the line tight until the waves started, allowing OrcaFlex to calculate
dynamic response without becoming unstable. However, the WEC had a slow drift back towards
the anchor, and if allowed to run the lines would collapse and become vertical. It was thought
that since the waves were coming at one leg, the other legs would be slack, and eliminating them
would not be much of an issue; however, that was not the case.
2.5 HYDROSTATIC
Hydrostatic stability can be checked numerically by calculating the metacentric height of
a floating device. If the value is positive the device has initial stability, if it is negative, the
device is unstable and might flip. Waterline is another important hydrostatic value; this will tell
you the draft and freeboard of the device while in equilibrium (Lewis, 1988). The following
calculations are general approximations assuming the buoy float has the majority of the
submerged volume. If the metacentric height is positive the buoy will float in an upright position,
and if there is freeboard there is room to add ballast to increase metacentric height. If the values
are negative, the buoy would need a major change before being placed in the water. The
waterline was approximated using the force balance,
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% = 0 = 1 2ℎ45

[6]

where W is the weight of the model buoy, B is the buoyant force, A is waterplane area, and ℎ45
is the waterline measured from the bottom of the float. The waterline was approximated to be 7.4
inches up from the bottom of the float, or 4.29 inches down from the engine room ceiling. With
more than 4 inches of freeboard, the model has room for adding ballast if needed and small
amplitude waves should not overtop the float. Metacentric height (77777)
6 was used to determine
initial stability,

77777
6=

9
− 7777
<
:

[7]

where 7777
< is the distance between the center of buoyancy and cg, I is the waterplane area moment
of inertia, and V is submerged volume. b was approximated by dividing the waterline relative to
float bottom by two. A positive 77777
6 is stable, and a negative 77777
6 is unstable. Equation 7 was
used to calculate a 77777
6 of 4.15 inches; this 77777
6 is an ideal estimate that does not include the
effect of the inertia tube and piston, but is positive so the buoy should float in an upright
position.
With the cg verified and initial stability checked, the model was placed in water to check
its floating position. This new model was found to have the same problems as the previous
model. It was thought that with more precise and symmetrical construction and watertightness
that it might be easier to balance the model without changing the vertical cg. However, even with
adjustments of the horizontal ballast, it was not possible to get the model to float perfectly
vertical. The best angle achieved with the cg at 8.16 inches was around 7 degrees, and the model
did not seem to have any one way it would tilt. This would make the free release testing difficult
and unreliable, so a solution needed to be determined.
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Instead of making any major changes to the physical model, an OrcaFlex model’s
(discussed in future chapters) cg was adjusted to see what effect the horizontal position has on
the buoy’s tilt. From changing the horizontal cg a little bit at a time, it was established even a
0.077 inch (1 inch full scale) offset in the x direction would cause more than a 15 degree tilt
around the y axis, with the vertical cg so high. The full scale WEC with a horizontal cg of x=4.15
in, y=1.54 in (provided by MMC) gave a rotation of about 12 degrees. This initial inclination
would not be acceptable for free release testing. It was decided that the cg needed to be lowered,
so accurate testing could be conducted. Since the full scale WEC has already been constructed, a
solution needed to be determined that could easily be added to the full scale WEC without a total
rebuild.
The solution was to add a mass to the bottom of the inertia tube. A 1.05 lb steel ring was
added to the bottom of the inertia tube, about 2.5% of the WECs original weight (Figure 12). For
the scale model, this weight was added to the inside of the inertia tube because of material that
was available. For the full-scale WEC this mass could be added by welding on some steel plates
to the outside of the inertia tube. This added mass lowered the cg about an inch (13 inches fullscale) to 9.15 inches from the engine room ceiling.
When placed back in the water, with minor adjustments to the horizontal ballast, the
model buoy floated within 0.2 degrees of vertical (Figure 12). This was considered acceptable
since the ballast was kept at a reasonable amount, and the model was now ready for inclination
and free release testing. The new weight of the model is now 41.32 lbs. For the actual H-WEC,
unless the horizontal cg can be adjusted, the ballast required to float vertical may need to be
greater or add to only one side.
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Figure 12: Left, added ballast. Right, model floating at 0.2 degrees.

2.6 OPTICAL POSITIONING
The method of measuring WEC position used in the following tests was motion tracking
with digital video. This works by having tracking targets on the buoy that are a known distance
apart (Figure 13). The test is run with a video camera recording the buoy movement with the
targets in view. This video is then run through tracking software called Kinovea (available at
https://www.kinovea.org/). In the software with the video on pause, a track path is placed on one
of the targets; the video is then played, and the path follows the pixel movement of the target on
the screen. This pixel movement can then be turned into distance data. This is done by drawing a
line between two points and assigning this line the length of the known distance between the
points. The data can then be exported into Excel for use in MATLAB.
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Figure 13: Example of Kinovea software. Left, setting unit of measure. Right, tracking path.

2.7 INCLINATION EXPERIMENT
An inclination experiment was conducted by applying a known righting moment,
measuring inclination angle, and calculating metacentric height (Lewis, 1988 and Stokoe, 1973).
For these tests, two different weights were set on the edge of the float one at a time. Using a
digital angle gauge on top of the WEC, the inclination angle was measured and recorded (Figure
14).
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Figure 14: Inclination test. Left, 1 lb. 10.6 degrees. Right, 2.11 lbs. 20.8 degrees (gauge readings
are not visible in picture due to the bright sun).

A 1 lb dive weight placed on the float rim tipped the buoy 10.6 degrees, while a 2.11 lb
dive weight tipped it 20.8 degrees. The upsetting moment M, calculated as force times
perpendicular distance, was set equal to righting moment according to

= = % 77777
6

>

[8]

where Ɵ is the inclination angle. The metacentric height 77777
6 was calculated to be 0.719 inches
and 0.79 inches with moments of 5.625 in-lbs and 11.605 in-lbs for the 1 lb and 2.11 lb dive
weight, respectively. Table 2 shows these results along with the scaled-up values. It should be
noted that the experimental 77777
6 values are smaller than the 77777
6 calculated using equation 3. The
theory for Equation 7 does not account for the shift in submerged buoyancy due to the inertia
tube.
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Table 2: Inclination experiment results

Parameters

Model scale

Full scale

10.6 degree g͞m͞

0.719 inches

9.275 inches

1 lb weight moment

5.625 in-lb

155.7 (10 ) in-lb

20.8-degree g͞m͞

0.79 inches

10.19 inches

2.11 lb weight moment

11.605 in-lb

321.4 (10 ) in-lb

Ideal g͞m͞

4.15 inches

53.54 inches

3

3

2.8 FREE RELEASE TESTING
The first set of dynamic tests conducted was free release testing for heave and pitch as
discussed by McCormack (2010). For all the following tests the piston was locked in place. The
buoy was set up in front of a camera and the tests were recorded. It should be noted, due to the
outbreak of Covid-19 in 2020, campus was temporarily shut down and the wave tank was not
available. To continue with testing, the following free release tests were conducted in a nearby
lake. Although this is not an ideal controlled testing environment, this was done in April just
after ice out when there was no boat traffic, and a calm windless day was chosen to allow for
best possible results (Figure 15).

Figure 15: Free release testing setup.
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To conduct the heave test, the buoy was picked up out of the water a couple inches, then
released from rest. The buoy oscillated until the movement died out. Figure 16 shows the
oscillations in blue after tracking. The buoy was picked up and released several more times to get
an average. Next, the pitch test was conducted using the piston rod. The rod was used to displace
the buoy several degrees off vertical and then released and allowed to oscillate. This test was
also conducted several more times for an average.

Figure 16: Free release test for heave: Left, track path created using Kinovea. Right, track path
exported into excel and plotted in MATLAB.

The videos from the heave and pitch tests were tracked using the Kinovea software, and
the data sets were loaded into MATLAB. This data was plotted as position vs. time (Figure 16,
right). From the plots, the natural period for heave and pitch were determined by finding the time
difference between two successive peaks and taking an average. The heave and pitch natural
periods were determined to be 1.17 and 6.7 seconds, respectively. This long pitch period
correlates to the small 77777
6 calculated earlier. Table 3 shows the free release results along with
the scaled-up values.
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Table 3: Free release

Parameter
Heave natural period
Pitch natural period

Model scale

Full scale

1.17 sec

4.2 sec

6.7 sec

23.5 sec

2.9 WAVE TESTING
The wave testing was conducted in the UNH wave tank once the University allowed on
campus research to continue. For this set of wave tests, the two forward legs were fit into the
tank by redirecting them towards the back of the tank (Figure 17). For all the testing the piston
was locked in place as mentioned before. This was done because the end goal of the testing and
modeling was to observe how the WEC and mooring would perform during storm conditions.
When the actual WEC is in a storm, the PTO system will be locked down to prevent damage.
With energy production not of concern, the piston was locked in a neutral position for all
testing to simplify modeling. This will essentially trap water in the inertia tube, and there will be
no energy removed from the system due to relative motion between the float and piston or flow
of water through the inertia tube. Without energy being removed, the WEC may have greater
motion than with a free piston. For this reason, the data collected from this study will be used
strictly for validation of OrcaFlex because it will not provide accurate energy conversion
estimates.
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Figure 17: Model WEC with compensator buoys in testing setup.

The mooring legs used for tank testing were a full length scaled down version of the
actual mooring with the bridle lines shortened slightly, placing the compensator buoys 6 feet
from the WEC. This was done so that a redirection point in the forward legs could be after the
bridles. For the back mooring leg that is parallel to the tank wall, a 45 lb weight was used as an
anchor with a length of 1 4 inch chain laying on the bottom.
From the chain, a 30 lb test monofilament line went up to a compensator buoy. From the
compensator buoy, a 1 8 inch chain went to the bottom end of the inertia tube, and another

monofilament line went to a short piece of 1 8 chain hanging off the bottom of the buoy float. In
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this testing monofilament fishing line was used instead of rope because when scaling rope, it is
difficult to find rope at the scaled diameter with the desired flexibility and elasticity of the full
sized rope. Monofilament fishing line has the desired flexibility and stretch while also being
strong.
For the two forward mooring lines the bridle setup was the same, but the mooring line
needed to be redirected and placed back down by the other anchor. To redirect these lines, a
smooth pole was clamped to the tow carriage and extended down into the tank, seen at the top of
Figure 18 and in the schematic in Figure 19. The monofilament lines were turned around this
pole. The line then went to the mooring chain and two small anchors. This allowed for the full
mooring to be used while keeping the bridles spaced 120 degrees apart. This setup put the buoy
out of range of the viewing window on the tank. To mount the camera perpendicular to the buoy,
a wooden frame was built to hang the camera off the side of the tank (Figure 18).

Figure 18: Redirection poles and camera frame for testing.
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Figure 19: Schematic of wave tank setup.

This mooring/buoy configuration was subject to a range of wave environments. The first
set was a 3.76 cm wave height for periods ranging from 0.75 to 2.5 seconds, in increments of
0.25 seconds. The second set was a 7.5 cm wave height for periods ranging from 0.75 to 2.5
seconds, in increments of 0.25 seconds. Each period was run for 1 to 2 minutes after the buoy
reached a steady state. During each of the wave tests, a wave staff was recording the actual
height of the waves produced. With the full mooring the model was now a stable system, there
was no lateral movement, and no inclination due to an unbalanced mooring.
The wave testing videos were tracked using Kinovea with two targets being tracked
(Figure 20), which allowed for pitch calculation. The data sets created during tracking were
loaded into MATLAB to create position vs. time graphs for horizontal displacement, vertical
displacement, and pitch angle. These graphs were then used, along with the wave staff data, to
produce Response Amplitude Operator (RAO) plots for heave, pitch, and surge.

35

Figure 20: Wave test tracking using Kinovea.

2.10 ANALYSIS METHOD
The data collected was analyzed using Response Amplitude Operator (RAO) plots. These
plots show how the buoy is behaving relative to the input. RAOs are calculated by dividing the
amplitude of the buoy response by the amplitude of the input force. If the RAO is 1, the buoy
response is equal to the input. If the RAO is greater than 1, the buoy response is greater than the
input, and if the RAO is less than 1, the buoy response is less than the input. An RAO of zero
means the input has no effect on the buoy.
The RAOs that are of interest for the buoy are heave, pitch, and surge. Heave is the
vertical movement of the buoy, pitch is the rotational movement of the buoy, and surge is the
horizontal movement of the buoy as shown in Figure 21. During this testing, the video camera
and wave staff did not have a synced clock. To get accurate RAOs, the data was matched up
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visually for the wave staff and model dynamic plots. Then after the initial transient in the data,
15 consecutive peaks and troughs were picked out by hand from each data set for calculations.

Heave

Surge
Pitch

Figure 21: Floating body dynamics

2.11 HEAVE ANALYSIS
To determine heave RAO, the vertical position graphs were used to find the amplitude of
the buoy’s heave. After steady state was achieved, several points were selected to determine an
average heave amplitude. This amplitude was then divided by the average wave amplitude from
the wave staff. This was performed for each period tested. The resulting RAO graphs are shown
in Figure 22.
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Figure 22: Top, model scale heave RAO for a 3.76 cm wave. Bottom, 7.5 cm waves.

It can be seen that for the 3.76 cm wave maximum heave occurs at 0.8 Hz model scale, or
1.25 sec (4.5 sec full scale). For the 7.5 cm wave the maximum heave occurs at 0.8 Hz model
scale, or 1.25 sec (4.5 sec full scale). When compared to the free release testing, these peaks are
close to the heave natural period of the buoy, producing motion almost double the wave
amplitude for the 7.5 second test and more than double for the 3.76 cm test. In previous studies
maximum power output occurred around 4 seconds, the slight difference may be due to the
piston being locked and not removing energy from the system.
When the buoy is in a long period wave field, it would be expected that the buoy would
be a wave follower. However, the following graphs show RAO at long periods to be a little more
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than 1 at 2.5 seconds, and a peak at 2.25 seconds. A possible reason for this could be that at these
lower frequencies the wave dissipator starts to rock back and forth. This rocking could be
sending a reflective wave back towards the buoy and exciting a sub harmonic. Looking closely at
the wave staff data, the tank does not produce a consistent wave train. Some of the tests have
almost random wave height, while a couple have an increasing wave train. This may also skew
some of the results, causing the high RAOs.

2.12 PITCH ANALYSIS
To find pitch RAO, the horizontal positions of the top and bottom targets were plotted on
the same graph. The difference between the horizontal movements was calculated and then
averaged. The pitch angle in radians was calculated as the difference in horizontal displacement
divided by the distance between the two targets, then converted to degrees. This was then
divided by the corresponding wave amplitude in meters and yielded the RAO plots in Figure 23.
Comparing the 3.76 cm and 7.5 cm test, there is lower maximum pitch for the 7.5 cm waves. The
pitch RAO seems to have no trend and are all within a few degrees of each other. Comparisons
with computer models will have to be made to further analyze these results.
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Figure 23: Top, model scale pitch RAO for 3.8 cm wave. Bottom, pitch RAO for a 7.5 cm wave.
Units of degrees/meter.

2.13 SURGE ANALYSIS
To determine surge RAO, the horizontal displacement amplitude after steady state was
averaged over several cycles to get surge amplitude. The surge amplitude was divided by the
fluid particle horizontal displacement, ? , given by,

@ A
?=
2 B"

[8]

In this equation, k is wave number and σ is 2π divided by period. The resulting RAO plots are
shown in Figure 24.
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Figure 24: Top, model scale surge RAO for 3.8 cm waves. Bottom, surge RAO for 7.5 cm wave.

The graphs show an upward trend in surge as the frequency decreases; this makes sense
with the lower frequencies having longer wavelengths. However, at the lowest frequency (2.5
seconds) there is a dip in the surge. It is not understood why this period has such low surge.
When looking at the video the WEC has very little movement, so it could be that the bridle
system is working and holding the WEC in place.
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CHAPTER 2 SUMMARY
The new mooring bridle/compensator buoy system was designed to help control the pitch
of the buoy as it became more top heavy, without affecting the heave motion. Initial testing
showed that the buoy on its own could not float vertically, which made free release testing
difficult and a single mooring leg test unstable. In order to get accurate results, ballast had to be
added to the model to lower the cg. This lower cg made the model just stable enough for testing
so the bridle system should still be needed. The data collected through tracking showed the bridle
system did not affect the buoy’s heave motion. The buoy had maximum heave up to 2.3 times
the input wave at periods close to the heave natural period (4 sec full scale) determined in free
release. This matches with previous analysis that yielded maximum power output at 4 seconds.
The data also showed relatively small amounts of surge and pitch for all periods. The
buoy had nice heave motion with little pitch. Visually, during testing the buoy did not appear to
have much pitch motion. Through this testing the mooring bridle system appeared to perform as
expected. The buoy remained vertical around its heave natural period, allowing for maximum
energy output. However, for this testing the buoy cg needed to be lowered. With the original cg,
this bridle system might not have been enough to keep the WEC stable. Further testing will be
done using OrcaFlex to compare the tank testing to a tank simulation, and then to the original cg
design.
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CHAPTER 3
ORCAFLEX SINGLE FREQUENCY SMALL AMPLITUDE SIMULATIONS

3.1 OVERVIEW
Seakeeping studies predicting motion and mooring loads are an important part of the
design process when building ocean structures. As a first step, a physical scale model motion
study of the Healy Wave Energy Converter (H-WEC) was conducted in the UNH wave tank.
While this study provided useful information, wave heights were limited, mooring tension was
not measured, and the mooring system was slightly modified.
The commercial finite element software OrcaFlex was considered for extending
predictions to the full WEC system in extreme storm seas. To be sure these predictions are
reliable, OrcaFlex was first validated using the tank testing data. The OrcaFlex simulations were
done at full-scale and compared to scaled up wave tank results using Froude scaling. Parameters
in OrcaFlex were specified according to standard model application procedures. The physical
model inclination experiment and free-release experiments were used to calibrate the OrcaFlex
model.
After calibration, OrcaFlex was evaluated by comparing results of heave, pitch, and surge
Response Amplitude Operators (RAO’s). The following chapter details how the OrcaFlex
software was set up and how its data compared to the physical data. Figure 25 shows a view of
the OrcaFlex model used for the simulations.
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Figure 25: OrcaFlex model window showing the H-WEC in a wave field. The anchors are
modeled as a fixed point and are connected to a surface compensator buoy by chain and rope.
The compensator buoy is attached to the WEC by a 2-line bridle.

3.2 ORCAFLEX
OrcaFlex is a finite element computer software used for designing and testing dynamic
ocean structures (https://www.orcina.com/index.php). It is used to examine the forces on, and the
behavior of, marine structures in a dynamic ocean environment. For this research it will be used,
after validation, to examine the behavior of the H-WEC outside the abilities of the UNH wave
tank. To build a numerical model, OrcaFlex uses preloaded objects such as vessels, buoys, and
lines that can be sized and parameterized to user specification.
In this application, a spar buoy with 6 degrees of freedom (6-D buoy) was used to model
the WEC. The spar buoy consisted of a stack of cylinders that were sized and given physical
properties such as mass, cg, drag, and damping. Two models were built in OrcaFlex, the H-WEC
that matches the actual Healy WEC, and the Upright WEC (UR-WEC) that matches the tank
model with full scale values. Each model is made with 45 stacked cylinders, sized to give the
buoys shape as shown in Figure 26.
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UR-WEC
2.59 m Ø
(101.97 in)

H-WEC
4.876 m Ø
(191.96 in)

2.387m

ERC

(93.97 in)

WL

Float

CG

13.72 m
(540.2 in)

Inertia Tube

12.05 m

11.84 m

(474.4 in)

(466.1 in)

9.89 m
(389.2 in)

Piston/Neutral
buoyancy tank
1.803 m Ø
(71 in)

Ballast weight
Figure 26: Left- Full scale Wood Model. Right- Healy WEC model.

A second 6-D buoy was used to model the piston and was fixed to the inside of the inertia
tube. As mentioned previously, this testing is about WEC performance in storm conditions and
not energy production. To simplify modeling and match physical scale model testing, the piston
was locked/fixed inside the inertia tube and there was no water flow in the inertia tube.
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To model the mooring legs, OrcaFlex has a built-in option called Line Wizard. This
wizard gives line segments specific parameters for line types such as nylon ropes, steel chain, or
wire based on known physical properties. The user specifies what the line type and diameter
should be (chain, rope, wire), and then the wizard fills in the rest. Each line is first divided into
multiple segments, and then each segment is assigned to be one of the line types. Each type is
then divided into line elements for finite element calculations, the more elements there are the
finer the calculations. During simulations OrcaFlex calculates the position of each line element
for every line.
Figure 27 shows the WEC attached to the mooring legs. The white and purple lines are
two different size chains, and the green line is nylon rope. The line from the seafloor to the
compensator buoy is one line, but is divided into 2 line types: 139 meters of nylon rope (green)
and 86 meters of chain (purple). The line from the compensator buoy to the WEC float is one
line with 2 line types (26 m of nylon rope, 4.5 m chain), and the line from the compensator buoy
to the WEC inertia tube is one line with one line type (36.2 m of chain).
Setting the anchor points as provided by MMC, the lines are pretensioned with 13.8 kN
of tension in the anchor lines at the compensator buoy end. The compensator buoys are also a 6D buoy consisting of 2 stacked cylinders. The mooring setup will be discussed further in later
chapters when different configurations are tested.
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Figure 27: OrcaFlex lines. The green line is nylon rope, the purple line is anchor chain, and the
white line is bridle chain.

OrcaFlex calculates its simulation in 2 phases: static analysis and dynamic analysis. The
static analysis uses hydrostatics, weight, and buoyancy of the system components to determine
an equilibrium position of all components of the simulation model in a still water environment.
The dynamic analysis then uses this equilibrium configuration as the starting point. The
simulation model is subjected to a user specified environment: waves, wind, and current for a
given amount of time. The movement and forces on all objects are computed by solving the
equation of motion,

=CD, ) F GCD, ) F HCD) = CD, , )

[9]

where M(p,a) are the inertia loads, C(p,v) are the damping loads, K(p) are the stiffness loads, and
F(p,v,t) are the external forces. The dependent variables p, v, and a are the position, velocity, and
acceleration vectors, and t is the simulation time (Orcina Ltd. 2018b). The results of the dynamic
analysis are given as time average values or time series that can either be viewed as a graph in
OrcaFlex, or be exported for further analysis.
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3.3 ORCAFLEX CALIBRATION
OrcaFlex is a very powerful tool; however, it does not include calculations for every
possible physical phenomenon experienced in the real world. One such phenomenon is the
radiated wave. When a moving object interacts with the free surface of the water, such as a spar
buoy, the movement creates waves that move outwards from the object. These waves remove
energy from the system causing motion to damp out.
Without accounting for this radiated wave in heave and pitch motion, the object would be
insufficiently damped. Any oscillatory motion of the buoy would then take a long time to damp
out or not damp out at all. This would greatly affect the results of the simulation data. To ensure
OrcaFlex produces reliable results, it first must be calibrated to adjust for the absence of the
radiated wave. One way to calibrate is to use experimental data and force the simulation to match
the experimental results by changing added mass and linear damping parameters.
In this application, two separate models were analyzed. One with the center of gravity
(cg) of the actual full-scale Healy WEC, and another with the cg to match the physical scale
model. These models will be referred to as the H-WEC and Upright WEC (UR-WEC),
respectively. As determined earlier with preliminary testing, the H-WEC cg caused an initial
inclination of the scale model that also occurred in numerical modeling. This will not allow for
accurate free-release testing in the numerical modeling. For this reason, the UR-WEC was
calibrated using the tank test data, described below, by matching inclination experiment and free
release experiment data. With the parameters determined, they were also applied to the H-WEC
assuming the same geometric shape means the same damping and drag parameters.
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3.4 ORCAFLEX INCLINATION EXPERIMENT
Before running the free-release calibration, the UR-WEC hydrostatics were verified using
the physical model inclination tests performed in the tank. First, the equilibrium inclination of
about 0.1 degrees was matched by adjusting the horizontal cg. The horizontal cg was determined
to be x=0.0098 in, y=0.0039 in. Next, the inclination experiment performed on the physical
model was simulated in OrcaFlex. Two different weights were placed on the float edge with fullscale weights of 2,146.7 lb (1 lb. model-scale) and 4,508.1 lb (2.11 lb model-scale). This applied
a known upsetting moment, weight times perpendicular distance, and produced a rotation that
could be measured. Converted to full-scale values, a moment of 155.7(103) in-lb inclined the
model 10.6 degrees; 321.4(103) in-lb caused a 20.8-degree inclination. In OrcaFlex, this inclining
moment was simulated by adjusting the model’s cg and weight to match the addition of the
added mass. This produced an inclination of 9.78 degrees and 20.48 degrees.
To evaluate this process, metacentric height 77777
6 for each of the inclination experiments
was calculated according to

77777
6=

=
C% ∗ sin >)

[10]

where M is the applied moment; > is the inclination angle, and W is the weight. These moments
were also applied to the H-WEC model in the same way. Results are provided in Table 4, along
with full-scale 77777
6 values from the tank inclination tests.

49

Table 4: OrcaFlex inclination experiment results.

Parameter

H-WEC

Tank Model scaled up

UR-WEC

(4.15, 1.54, -105.22)

(~0, ~0, -118.04)

(~0, ~0, 118.04)

Initial rotation
(degrees)

Ry= 10.64 Rx=4.2

Ry=~0.1, Rx=0

Ry=~0.1, Rx=0

Rotation (degrees)

Ry=14.27 Rx= 3.99

Ry=10.6

Ry=9.78

7 inches

9.275 inches

10.1 inches

2,146.7 lb moment

155.7(10^3) in-lb

155.7(10 ) in-lb

155.7(10^3) in-lb

Rotation (degrees)

Ry=17.4 Rx= 3.7

Ry=20.8, Rx=0

Ry=20.48, Rx=0

11.8 inches

10.2 inches

9.8 inches

321.4(10^3) in-lb

321.4(10 ) in-lb

Center of gravity
(X,Y,Z)

2,146.7 lb g͞m͞

4,508.1 lb g͞m͞
4,508.1 lb moment

3

3

321.4(10^3) in-lb

While these numbers make the UR-WEC and H-WEC seem to have similar righting
moments/stability, it should be noted that the H-WEC has a different equilibrium position. The
H-WEC has an initial inclination of Ry=10.64, Rx=4.2 degrees without the applied moment.
When the moment is removed the H-WEC rights itself to that initial equilibrium inclination,
whereas the UR-WEC returns to vertical. This initial inclination is one of the reasons the cg
modification of the physical UR-WEC was done (discussed in the previous chapter). So, while
the H-WEC has a large initial inclination, it appears once the two models are floating on their
side the larger waterplane area supports the masses about equally. When comparing the scale
model to the UR-WEC, rotation angles were very close and deemed acceptable to continue to
free release simulations.
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3.5 ORCAFLEX FREE-RELEASE
With hydrostatic stability verified, the dynamic calibration was performed by free-release
simulations. The calibration for heave adjusted the axial drag coefficient; the axial added mass
force coefficient, and implemented an axial damping force coefficient. For the pitch, a normal
drag coefficient, normal damping coefficient, unit damping moment, and added moment of
inertia were added to the system. The steps for determining these parameters are discussed
below, while more detail is provided in a technical document from Orcina Ltd. 2018a.
For the UR-WEC, the axial drag coefficient, added mass force coefficient, and axial
damping force were determined by running a free release heave simulation in OrcaFlex, and
comparing the results to the tank test free-release results. To perform the free-release simulation
in OrcaFlex, the buoy was displaced about 1 meter above its equilibrium floating position with
all degrees of freedom ignored for the static calculation. This held the buoy in the user specified
location. Approximate values for the axial damping coefficient and axial damping force
coefficient were chosen, and the dynamic calculation was run.
The dynamic calculation included all degrees of freedom when dropping the buoy. The
buoy oscillated up and down, and in the case of the first simulation, had very little damping.
Through an iterative process, the coefficients were adjusted in small increments until a desired
result was produced, the simulation was run, and the data was then plotted with the tank test data
and compared.
This was done until the amplitude and period of the two data sets were very similar.
Figure 28 shows the OrcaFlex data plotted with six physical model data sets. The plot shows the
periods are very close, with only slight variations in amplitude due to human input. The optimal
parameters for the two models are provided in Table 5.
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Figure 28: Heave calibration. OrcaFlex free release plotted with physical scale model free
release.

Table 5: OrcaFlex calibrated parameters.

Heave Parameters
UR-WEC
Axial drag
coefficient

1

Pitch Parameters

H-WEC
1

Unit Axial
damping force 10 kN/(m/s) 10kN/(m/s)
coefficient
Added mass
1.9
1.9
force
coefficient

UR-WEC

H-WEC

Normal drag
moment
coefficient

0.5

0.5

Normal area
moment

10 m^5

10 m^5

10
kN.m/(rad/sec)

10
kN.m/(rad/sec)

150e3 kg.m^2

150e3 kg.m^2

Normal Unit
damping
moment
Normal Added
moment of
inertia
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The normal drag coefficient, normal damping coefficient, unit damping moment, and
added mass moment of inertia for pitch were found in a similar way to the heave parameters. The
buoy was set to have an initial rotation of 17 degrees off vertical in the static calculation,
ignoring degrees of freedom. The dynamic calculation, now including the degrees of freedom,
predicted the buoy pitching back and forth. The data from the solution was then plotted and
compared with the tank test results in Figure 29.
The parameters were adjusted until the plots matched closely. The results from this
calibration for the pitch parameters are provided in Table 5. After determining the parameters for
the UR-WEC, the H-WEC model was given the same parameters. It was assumed the two
models would have the same dynamic parameters because the exterior shape is the same. The
only difference is cg location and the piston shape inside the inertia tube.

Figure 29: Pitch calibration plots, OrcaFlex data plotted with physical model free release data.
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3.6 SINGLE FREQUENCY WAVE SIMULATION
To gain an understanding of how the WEC will respond to different wave trains, the
system is subjected to single frequency waves. While the ocean is full of waves with random
periods, it is useful to understand how the WEC will react at a given wave period. When there
are waves near the heave natural period, will the WEC perform as expected, or will short period
waves cause the WEC to be unstable and pitch too much?
For the preliminary single frequency wave simulation, the WEC was attached to a single
mooring leg (modeled after the preliminary wave tank testing discussed previously). However,
with only one fixed point OrcaFlex had trouble converging on a static position. The mooring
lines would collapse and the WEC would start to rotate all over, causing OrcaFlex to abort the
simulation. A solution for this problem had OrcaFlex exclude WEC rotation from the static
calculation. This allowed the simulation to converge on a static position. Although, the mooring
lines still sank until they were vertical and this collapsed the bridle line until the WEC and
compensator buoy were almost touching (Figure 6). This caused OrcaFlex to be unable to
converge on a solution for the dynamic wave simulation, and it aborted the calculation.
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Figure 30: Buoy position in OrcaFlex after static calculation without constraint.

To address this issue, another constraint had to be added to the WEC. This constraint held
the buoy in a specified xy location, while the static calculation found the static location of the
mooring lines. The dynamic calculation then released the constraints, freeing the WEC to move
in all directions. During the dynamic simulations, the H-WEC had a drift back towards the
anchor. To try and lessen this drift, drag coefficients and time-averaged surface velocity values
were adjusted.
To remove the backwards drift for all wave periods, it required either a drag coefficient
of 10 or a time averaged surface velocity of 0.9 m/s. This was considered too unrealistic for real
world conditions, and all parameters were reset to what was established in the free-release
simulation. The issues the one mooring leg caused, along with the initial inclination of the
original scale model (discussed previously), is what prompted a rebuild of the scale model. The
new scale model had a vertical equilibrium position and would allow for 3 mooring legs in the
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tank. This would allow for better tracking results and alleviate the mooring issue in the OrcaFlex
simulations.
With an updated model to represent the tank setup, data was generated for each of the
wave heights and frequencies used in the tank testing at full-scale values. Wave periods were
between 2.69 sec and 8.98 sec for a 0.485 m and 0.97 m wave. Each simulation was run for 120
seconds. From each of the simulations, time series data for z displacement and x displacement at
two locations were exported into excel. This data was then plotted in MATLAB for analysis.
A total of four models were simulated in OrcaFlex. The first, called OrcaFlex WM Tank
Setup, is a replica of the tank testing setup without the redirected legs. The mooring lines have
the full-scale dimensions of the monofilament fishing line used. The bridle lines are also shorter
to place the compensator buoys 77.4 ft (6ft model-scale) from the center of the WEC (done to
allow the mooring to fit in the tank). The next model, called UR-WEC CB mooring, is the URWEC with the CB mooring system. The third model tested, H-WEC CB mooring, is the model of
the H-WEC buoy with the CB mooring system. The last model, UR-WEC No Bridle, is the URWEC with the bottom bridle line removed from the CB mooring.

3.7 ORCAFLEX HEAVE ANALYSIS
Similar to the tank testing data analysis, the OrcaFlex z displacement (heave) was plotted,
and the initial transient portion removed. Using a built-in MATLAB function, the peaks and
troughs of the wave frequency oscillations were found in the data. The peak to trough differences
were averaged and divided by 2 to get an average amplitude for each of the simulations. These
amplitudes were then divided by the input wave amplitude to produce RAO graphs for the 0.485
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meter and 0.97 meter waves. The OrcaFlex heave RAOs were plotted with the tank test RAOs
for comparison in Figure 31.

Figure 31: Full-scale heave RAO for a 0.49 m and 0.97 m wave.

Overall, OrcaFlex model predictions for heave agree relatively well with tank test
measurements. While the tank testing data has some outliers, the peak RAOs happen at the same
frequency, except for the H-WEC model. The max heave RAO for the 0.485 m and 0.97 m
waves occurred at 0.222 Hz (4.5 sec). For the H-WEC model 0.49 m wave the peak is at 0.279
Hz, and for the 0.97 m wave the max RAO is at 0.222 Hz (4.5 sec) and 0.279 Hz (3.6 sec). These
peak RAOs are all close to a 4 second full-scale period which approximates the heave natural
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period of the buoy. It should be noted that the 4 second period was also the period of highest
energy production determined in previous energy conversion studies with the piston free.
Though in this study the piston was locked, as it would be in severe storms, so no energy
production was recorded.
This plot also shows that all three UR-WEC OrcaFlex simulations have about the same
RAO curve. This is a good sign to show that the bridle does not have much effect on the WEC’s
heave motion. When looking at the H-WEC curve, the max heave occurs at a higher frequency.
A possible reason for this is that the initial inclination the H-WEC had was exaggerated by the
weight of the top bridle lines. The H-WEC now floats at a 25 degree angle, giving the WEC a
different waterplane area for the waves to act on. An attempt to fix this inclination was made by
moving the anchor points out to increase the pretension, in hopes of straightening the WEC.
However, to get the WEC close to vertical, the pretensions exceeded 30 kN (6,800 lb) and the
compensator buoys were almost fully submerged. So, it was decided to keep the anchor points in
the locations given, and suggest to the Healy team to address this inclination before deploying
the actual WEC.
When comparing the tank test results to the OrcaFlex simulations, the shapes of the
curves are similar, yet the tank test had mostly higher amplitudes with one lower amplitude.
Possible reasons for this could be due to the input wave. In OrcaFlex the input wave has an
initial buildup but consistent height for the rest of the simulation. When examining the wave staff
data from the tank, it can be seen that the wave paddle does not produce a steady wave train
(Figure 32). At some frequencies the wave train almost seems random, and at others the wave
train is increasing or decreasing over time. This unsteady wave height could be causing the
higher amplitudes.
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Figure 32: Selection of wave staff data from the UNH wave tank.

It should also be noted that since all model heave predictions are close, heave motion is
relatively independent of the difference in pitch/roll righting moment. The OrcaFlex models and
tank testing showed expected wave contouring behavior (RAO ~ 1) at long periods.

3.8 ORCAFLEX PITCH ANALYSIS
Pitch angle was measured using two vertically spaced measurements of horizontal
displacements. The x displacement (horizontal) data was taken at the top of the WEC and at a
point one meter below the top. This allowed for pitch calculation by taking the difference of the
two displacements and dividing it by the distance between the two points; this gave a pitch angle
in radians, which was then converted to degrees. The oscillating angle amplitudes were averaged
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for each of the tests and divided by the input wave amplitude. The RAO plots produced from this
data are shown in Figure 33.

Figure 33: Pitch RAO for 0.49 meter and 0.97 meter waves.

From the above plots, the pitch for all models is of similar magnitude, with the largest
difference being about 5 degrees. Comparing the two UR-WEC models, the simulation without
the bottom bridle line (green line) has less pitching than the bridle line simulation (yellow line).
At these low amplitude low frequency waves, the bridle does not appear to be necessary. When
viewing the simulation videos, the weight of the moving bridle chain appears to aid in the
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pitching of the WEC. However when looking at the heave RAO, this small difference in pitch
has no effect on heave.
When looking at the tank testing, the RAOs fall within the limits of the OrcaFlex results
but do not follow any similar trend. This could be due to the unsteady wave train produced in the
tank. In these pitch plots, the H-WEC model had the lowest pitch amplitudes; however, these
oscillations are happening at an initial inclination of 25 degrees. Although the pitching in the
waves is small, this inclination would not be ideal for energy production. The heave is not
happening in line with the axis of the inertia tube/piston, which may prevent water from being
forced in and out of the tube. This would mean little to no energy production.

3.9 ORCAFLEX SURGE ANALYSIS
The surge RAO was found using the horizontal displacement measurements. A built in
MATLAB function was used to find the peaks and troughs. The difference in peak to trough was
then averaged and divided by 2 to get a surge amplitude. The surge amplitude was then divided
by the horizontal fluid particle displacement (M ) amplitude, given by
MN

=

@ A
2 B"

[11]

where k is the wave number, and σ is 2π divided by the wave period. The resulting RAO values
were plotted with the tank test data (Figure 34).
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Figure 34: Full-scale surge RAO for a 0.485 m and 0.97 m wave.

All the models followed the same trend: as the wavelength increases, the surge increases.
At the longer periods, the buoy had slightly more horizontal movement than the wave particles;
while at the shorter periods, the horizontal movement matched the fluid particle movement. At
8.98 sec (0.11 Hz), the tank results dropped down below wave particle movement. A reason for
this could be that at these low frequencies the wave dissipator in the tank started to move. This
movement could be sending back a reflective wave, lessening the horizontal movement. In
OrcaFlex there are no walls for the waves to reflect off of.
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CHAPTER 3 SUMMARY
This testing confirms that OrcaFlex can simulate the important physical processes
observed in the physical model tank testing. The heave RAO curves have the expected shape,
and the maximum heave occurs at the same frequency. Pitch predictions are all within a few
degrees of each other and are relatively small. The surge RAOs were also fairly close and
followed the same trend. Overall, the results show that OrcaFlex can be used to further
investigate the WEC in conditions that could not be modeled in the tank, and have confidence in
the results. One such test would be to look at different storm conditions. The OrcaFlex testing
also showed that OrcaFlex cannot be used on its own. The models need to be calibrated using
physical testing (as this experiment did), or some other form of modeling to determine the
parameters needed to account for the absent radiated wave.
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CHAPTER 4
SINGLE FREQUENCY STORM WAVE SIMULATIONS

4.1 OVERVIEW
The two WEC designs, statically upright (UR-WEC) and inclined (H-WEC), were
evaluated using single frequency representations of two design storm conditions – the UNH
“most dangerous” wave and the 50-year storm design wave. These large amplitude wave, single
frequency OrcaFlex simulations were used for diagnostic purposes; storm predictions for random
seas are made in the next chapter. The single frequency predictions were able to isolate physical
processes and clarify design strengths and vulnerabilities.
The two WEC designs with the CB mooring were first evaluated using the two storm
conditions. Based on predicted physical behavior, design modifications to improve performance
were proposed and evaluated. Since wave steepness was found to be critical, selected designs
were then tested at different periods, while keeping the same steepness of the design waves, to
determine how the mooring performed at different frequencies.

4.2 TENSION LOADS AND ORCAFLEX LIMITATIONS.
During the following storm simulations, it was discovered that OrcaFlex has difficulty
modeling slack chain. Looking at Figure 35, it was originally thought that the large spikes were
just large snap loads with some noise due to the shock in the line. However as these spikes got
very large (400 to 20,000 kN), these loads did not seem reasonable and were investigated further.
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Figure 35: OrcaFlex graph for the tension in the top bridle line. Large peaks are rattle (noise) in
the chain while the chain is slack.

After some discussion with Paul Jacob from Orcina Ltd., it was learned that these peaks
are numerical noise or rattle and are happening when the chain is slack, not during snap loading.
When the chain lines become slack, OrcaFlex has difficulties modeling the behavior of the loose
chain links and the links start to “rattle” causing these large spikes in tension. To try and remove
this “rattle” from the chain, the chain lines had to be “tuned” so the links were not as free to
move.
This was done by adding bending stiffness to the links. This had to be done with caution
because real chains do not have any bending stiffness and cannot hold compression loads. If too
much bending stiffness was added, the chain would start supporting compression loads. This
means the added bending stiffness needed to be as small as possible. An iterative process was
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used to determine the value, starting with a bending stiffness of 0.001 kN.m2, the bending
stiffness was increased by 0.001 until the rattle was removed from the tension plots. For the
following tests, the bending stiffness was determined to be 0.012 kN.m2. This bending stiffness
was added to all the models and all simulations were rerun.

4.3 DESIGN WAVE TESTING
Muller (1999) identified a 9-meter height, 8.8 second period wave as the “most
dangerous wave” expected at the UNH offshore test site. This wave has been used as the
primary, single frequency design storm wave, to evaluate ocean structures survivability before
being deployed at the UNH test site. MMC used a 50-year storm wave generated from historical
buoy data off the coast of New Hampshire as their primary design wave, a 10.7 meter-height, 13
second period wave. Two OrcaFlex models were subjected to the UNH and 50-year design
waves, the H-WEC with the CB mooring and the UR-WEC with the CB mooring.
For all the simulations the waves approached the WEC with one mooring leg
perpendicular to the wave direction. This was done for a worst-case scenario. If one line could
handle the brunt of the storm, waves from other directions would be no problem. For the UNH
design wave, both models had snap loading in top bridle line 1 (perpendicular the wave
direction) and some amount of submerging of the WEC. The H-WEC and UR-WEC with the CB
mooring submerged the engine room ceiling (ERC, top of the large diameter float) about half to
three quarters (Figure 36). For the 50-year storm wave the engine room ceiling does not have any
submergence for the two models with the CB mooring.
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Figure 36: WEC in a 9 m 8.8 sec wave. Engine room ceiling submerges about halfway.

The loading on the top bridle line for the two H-WEC and UR-WEC for the UNH design
wave was 64 kN and 71 kN, respectively. For the 50-year storm design wave the loading was 36
kN and 18 kN respectively. The loading experienced during this testing was snap loading. For
this testing, snap loads are defined as when the lines go slack and then are quickly re-tensioned,
putting a shock load through the system.
While the UR-WEC with CB mooring has the highest tension, all snap loading is bad.
This loading causes large stresses on the lines and connection points on the WEC. If the snap
loads are greater or close to the safe Working Load Limit (WLL) of the lines, they can cause
premature failure in the mooring lines or connection points and should be avoided if possible. An
example of the snap loading is shown in Figure 37. It should be noted that while the H-WEC and
UR-WEC have the same mooring design, the H-WEC starts with an initial inclination and
pitches diagonally ((-x,-y) to (x, y)) to the wave direction.
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Figure 37: Tension plot showing snap loading for the UR-WEC with CB mooring.

4.4 CRITICAL ASPECTS OF SNAP LOADS
When working with dynamic loading, nylon rope manufacturers recommend using safety
factors of up to 20 for moderate shock loading (Cortland, 2020). Safety factors are used to
determine safe working load limits (WLL) by dividing the rope’s minimum breaking strength by
the safety factor. With snap loading considered an extreme and unpredictable load, and WLL
being dependent on many variables, snap loading should be avoided to prevent lines from
breaking. With snap loads of 70 plus kN occurring during single frequency testing, the loading
on the lines is of great concern. Due to the extreme and unpredictable loading occurring during
snap, and not knowing the accuracy of the OrcaFlex force readings, it will be assumed that the
actual snap loads may be equal to or greater than what OrcaFlex is reporting. When subjected to
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random seas it is likely these forces will increase greatly, so loads at single frequency should be
as small as possible.
With hopes of being able to reduce or remove the snap loading, different configurations
of the mooring system were tested. While the mooring system was designed to avoid WEC
submergence and lessen pitching, the snap loading should be of greater concern for storm
survivability. If loads are too great, the WEC can break its mooring or pull itself apart. While the
WEC itself should be watertight or have backup buoyancy for ocean deployment.

4.5 PHYSICAL PROCESSES
OrcaFlex animated simulations were studied to understand how snap in the bridle lines
takes place. The slack part of the snap scenario occurs when the WEC is in the wave trough and
pitching back toward the next wave, while the compensator buoy is moving forward on the next
crest (Figure 38). The snap tightening takes place when the WEC is at the crest pitching forward
in the wave direction, while the compensator buoy is moving backwards in the next trough
(Figure 39).
This is, of course, most extreme for a single frequency wave with its half-wavelength
equal to the bridle length. Simply changing the bridle length, however, would not work in real
seas where there is energy spread out over a wide range of wavelengths. It was also noted that
the low pitch stiffness allowed the WEC upper portion to respond to wave surface velocities
much more than if the WEC remained nearly vertical. If the pitching was stiffer, there may not
be any snap loading.
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Figure 38: Slack bridle line caused by the WEC pitching back in the wave trough and the
compensator buoy moving forward approaching the crest.

Figure 39: Taut bridle line caused by the WEC pitching forward on the wave crest while the
compensator buoy moves toward the next trough.

It was observed that WEC motion and mooring loads were more extreme for the UNH
design wave than the 50-year storm wave, even though the 50-year wave height was greater. The
wave steepness (wave height/wavelength), however, was larger for the UNH wave. This
indicated that wave steepness, rather than wave height by itself, was an important parameter in
characterizing the severity of a sea state.
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4.6 TRIAL MOORING DESIGN CHANGES AND TESTING
Based on the predicted physical processes, mooring design solutions were generated and
evaluated using the single frequency storm waves. For the following simulations, the UR-WEC
was used because it was believed that the H-WECs initial inclination would not give an accurate
assessment of the different configurations. It is also unlikely that such a device would be
deployed without correcting the hydrostatics. Starting with the original configuration, line length
and type were modified, along with removing lines and compensator buoys. Each new
modification was subjected to the UNH design wave.
The following modifications were made individually to the original setup and tested: the
bottom bridle line removed, the top bridle line was changed to chain, bottom bridle line
lengthened, compensator buoy size increased, no compensator buoy, and attachment point
moved. A summary of the results are shown in Table 6 and 7. Table 6 gives the maximum line
tensions and a short observation of how the model behaved. Table 7 shows the amplitudes for
heave, pitch, and surge. The tables are organized by case number and the lines and buoys are
identified by location 1, 2, and 3 detailed in the diagram in Figure 40.
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Wave Direction (-x direction)
Location 2
Location 1
Anchor Line
Top Bridle Line
Compensator
Buoy

Bottom Bridle Line

Location 3

Figure 40: Diagram of WEC setup with line locations.

Case 1 uses the tank testing setup where the bridle lines are shortened and have the scaled
up monofilament line. This setup was to show why shorter lines would not work. It had snap
loading in the top bridle line 1 up to 400 kN along with snap in the anchor line 1 up to 100 kN.
These are the highest loads observed and the mooring would not last long with loads like this.
Case 2 is the UR-WEC with the CB mooring discussed above. Case 3 changed the top bridle line
to chain with the hopes that a heavier line would cause a larger catenary, which would require
more force and time to pull the line tight. The simulations showed this configuration still had
snap, the WEC submerged the same, and when the lines were slack, the top bridle line would
cross the bottom bridle line. This could cause premature wear or snagging of the lines. This
configuration did not solve the snapping problem and created new ones.
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The next configuration (case 4) the bottom bridle line was removed. This was done
because when watching the simulation videos, it appeared the lower bridle line might be helping
the pitch of the WEC by pulling on the inertia tube when the top line was slack. This setup had
the lowest snap loading observed and the lowest mooring tension. However, the WEC would
submerge completely when pitching back into the wave. For case 5, instead of removing the
bottom bridle line it was lengthened to 37.8 meters. This was done for the same reason above,
but also to remove the backwards pitch/submerging. This had the second lowest snap loads in top
bridle line 1, but the WEC submerges about three-quarters.
Case 6 removed the bridle and compensator buoys, and attached the anchor lines directly
to the WEC at the top bridle line location. The snap appeared to be happening when the waves
pulled the WEC and compensator buoys apart. If there were no compensator buoys, maybe there
would be no snap. This was the only setup that did not have any snap loading; when the lines
were pulled tight, the bottom chain was pulled off the bottom. However, it had the lowest heave
amplitude because the anchor lines were pulling directly on the WEC, which is not ideal when
trying to produce energy.
Next, case 7 lowered the bridle line connections to be at the top and bottom of the inertia
tube. This was done just to see what effect location had, and several locations were tried. The
setup still had snap loading and WEC submergence, and also introduced snap in bottom bridle
line 1. For case 8, the dimensions of the compensator buoys were doubled. This was done to try
and prevent the compensator from submerging completely and absorb some of the line shock. It
did prevent it from submerging, but it introduced a lot of rotation in the compensator buoy. This
could cause the tether to snap prematurely, and the bridle would no longer be supported. Case 2
through 8 were also run for the 50-year storm design wave with similar results. All the
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configurations had snap but at lower values. The results for this testing can be found in the
Appendix.
When comparing the amplitudes for heave, pitch and surge in Table 7, there is little
difference from the original configuration values to the values of the modified configurations.
Case 6 is the only configuration with a significant difference in heave, and this is due to the
removal of the compensator buoys. Case 1 and 2 have slightly smaller pitch, but the rest of the
configurations are consistent. Table 6 shows the WEC has about the same amount of
submergence of the engine room for each configuration (from 1 2 to 3 4), except for case 4
where the engine room submerges completely. Table 6 also shows that the line tension for the
anchor line and bottom bridle line are all close in value. Excluding the tank configuration, the top
bridle line tensions are all within the same magnitude and are all snap loads. These results show
that it will be difficult to remove snap loading and WEC submergence without a major design
change.
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Table 6: UNH Design Wave Mooring configuration comparison table.

Mooring Configuration Testing: UNH design wave, UR-WEC
Note: ERC- engine room ceiling. Snap loads- When mooring line goes slack then tensioned quickly.
Max Tension (after initial transient)
Mooring
Configuration
Case 1: lines and
compensator buoy
have dimensions from
tank testing.
Case 2: UR-WEC
CB mooring
configuration

Wave
Height
(m)

9

9

Wave
Period
(sec)
Observations

8.8

Snap 400
line 1

Snap loads in top bridle line 1,
WEC submerges engine room
more than 3/4, comp buoy 1
completely submerges.

Snap 71
line 1

58
line 1

51
line 1

Snap loads in top bridle line 1,
ERC submerges about 3/4, top
and bottom bridle lines cross,
Comp buoy 1 submerges.

Snap 66
line 1

52
line 1

50
line 1

Snap loads in top bridle line 1,
ERC submerges completely.

Snap 50
line 1

N/A

41
line 1

8.8

Snap loads in top bridle line 1,
ERC submerges about 3/4,
Comp buoy 1 submerges.

Snap 62
line 1

40
line 1

47
line 1

8.8

ERC submerges about 3/4, top
of upper cylinder touches
waves.

NA

NA

53
line 1

Snap loads in top bridle line 1,
ERC submerges about 3/4,
Comp buoy 1 submerges.

Snap 72
line 1

snap 50
line 1

47
line 1

Snap 72
line 1

60
line 1

55
line 1

8.8

8.8

Case 4: Bottom bridle
line removed.

9

8.8

Case 6: Anchor lines
connected directly to
WEC.
Case 7: Bridle lines
attached to top and
bottom of inertia tube.
Case 8: Larger comp
buoy

9

9

9

Anchor
line (kN)

100
line 1

9

9

Large snap loads, can see
shock wave go through lines,
ERC submerges about 1/2.

Bottom
Bridle
line (kN)

Snap 400
line 1

Case 3: Top bridle
line is chain.

Case 5: Bottom bridle
line
lengthened to 37.8m.

Top Bridle
line (kN)

8.8

8.8

Snap loads in top bridle line 1,
ERC submerges about 3/4,
Comp buoy 1 rotates all over.
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Table 7: Amplitude comparison for UNH design wave.
UNH design
wave
H=9m
T=8.8 sec

Case 1:
Tank
Test
setup

Case 2:
UR-WEC Case 3:
CB
Top bridle
mooring is Chain.

Case 4:
Bottom
bridle line
removed

Case 5:
Bottom
bridle line
lengthened

Case 6:
Anchor
lines
to WEC

Case 7:
Bridle
line
location

Case 8:
Larger
Comp
buoy.

Heave Amp (m)

4.79

5.22

4.99

5.4

5.02

2.68

5.23

5.19

Pitch Amp (deg)

17

19.9

25

25

25

27

25

25

Surge Amp (m)

4.5

5.96

5.74

6.2

6.05

6.8

5.91

5.84

Pretension (kN)

10

13.8

13.8

5

10.3

7.2

14.8

14

Case 2 through 8 made small modifications to the mooring configuration while sticking
with the same size lines as the original design. This did not yield any favorable results; the
different configurations still had snap loading and there was not much change in the amount of
submergence. To see what it would take to remove the snap, several more configurations were
tested.
The first (case 9) reduced the line diameter significantly to 1 2 inch nylon line to add
compliance to the system, so instead of snap, the rope would have stretch. This configuration had
the most promising results so far, there was no longer snap and the load in the top bridle line was
only 6 kN. However, this smaller line did give the WEC more freedom to heave and pitch
causing the ERC to completely submerge. Next, case 10 lowered the cg by 1 meter, it was
thought that a slower pitch period would lessen the snap due to pitching. The simulation did
show slower pitching, however it only slightly reduced snap to 60 kN.
Case 11 doubled the distance the compensator buoys are from the WEC to 60 meters,
increasing the line length of both the top and bottom bridle line. This was done for several
reasons. First, it would add compliance by giving a bigger catenary in the line. Second, the snap
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mostly happened when the compensator buoy was at a wave crest and the WEC was near the
trough and pitching away from the compensator buoy; longer lines would change this spacing.
When increasing the line length, the added weight of the bottom bridle chain was too much for
the compensator buoy to support, so the chain size was decreased to 1 inch. This set up still had
snap, but it was decreased. Case 12 used the same setup as case 11 but lowered the cg 1 meter.
This increased the snap. These additional tests showed that compliance is the best solution for
removing snap.
The next configuration tested, case 13, is a combination of case 9 and 11. The line
lengths of case 11 were kept while choosing a more reasonable line size of 1 inch nylon rope.
This configuration had no snap and had the lowest line tensions in the bridle of all the tests at 6
and 38 kN for the top and bottom bridle lines, respectively. 1 inch line was chosen to show that
compliance removed snap; more testing would have to be done to determine best line diameter
for compliance to strength ratio. The last configuration tested, case 14, took case 13 and removed
the bottom bridle lines. This setup had no snap, but top bridle line tension increased to 20 kN.
The WEC also completely submerged and had about 40 degrees of pitch. The results for these
simulations are shown in tables 8 and 9.
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Table 8: UNH design wave mooring configuration comparison continued.

Mooring configuration continued, UR-WEC
Note: ERC- engine room ceiling. Snap loads- When mooring line goes slack then tensioned quickly.
Max Tension (after initial transient)
Mooring
Configuration
Case 9: 1/2 inch nylon
bridle line for
compliance.

Case 10: CG lowered
1 meter
Case 11:
Comp buoy
60 m from WEC.
Bridle chain 1 inch
Case 12: Comp buoy
60 m from WEC.
Bridle chain 1 inch.
CG lowered 1 meter
Case 13: Comp buoy
60 meter from WEC.
Bridle nylon and chain
1 inch.
Case 14: Comp buoy
60 meter from WEC.
Bridle nylon 1 inch.
No bottom bridle

Wave
Height
(m)

Wave
Period
(sec)
Observations

9

8.8

9

8.8

9

8.8

9

8.8

9

8.8

9

8.8

Top Bridle
line (kN)

No snap loads, ERC completely
submerges, WEC has freer
heave and pitch motion, Comp
buoy 1 submerges.

Bottom
Bridle
line (kN)

Anchor
line (kN)

6
line 1

50
line 1

46
line 1

Snap 60
line 1

61
line 1

53
line 1

Snap in top bridle line 1,
ERC submerges about 3/4,
Comp buoy 1 submerges.

Snap 43
line

Snap 34
line

52
line 1

Snap on top and bottom
bridle line 1, ERC submerges
about 1/2, Comp buoy 1
submerges.

Snap 50
line 1

Snap 50
line 1

60
line 1

ERC submerges completely,
Comp buoy 1 submerges.

10
line 1

38
line 1

52
line 1

ERC submerges completely, top
bridle line 1 is out of the water
between crest.

20
line 1

N/A

40
line 1

Snap in top bridle line 1, ERC
submerges about 1/2, Comp
buoy 1 submerges.

Table 9:Amplitude comparison for UNH design wave continued.
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Again, the heave, pitch, and surge are not affected much by the mooring configurations,
at least until case 14 where pitch doubles. The anchor line tensions are also all of the same
magnitude and there isn’t much difference in WEC submergence. The WEC can submerge
completely whether the pitch is high or not. This data shows that the WEC will have some
amount of submergence no matter the mooring configurations. If this submergence happens at
single frequency, it will likely be much worse during random seas. These findings show that the
WEC should be completely watertight for storm conditions, and mooring loads should be of
more concern than WEC pitch and submergence.

4.7 SINGLE FREQUENCY STORM WAVE STEEPNESS TEST
Real ocean storms do not produce just one size single frequency wave. To get a better
picture of how the WEC and bridle would perform in different waves, while sticking with single
frequency, wave frequencies of 7, 8, 10, 12, and 14 seconds were also tested. For these tests, the
steepness of the waves was kept the same as the UNH “most dangerous wave” design wave
using steepness equals H/L, where H is wave height and L is wavelength. With a steepness of
0.0752, wave heights were between 5.75 and 19.335 meters. The steepness was kept the same
because as discussed above, the steepness of the wave has more of an effect on loading than
wave height.
This steepness test was conducted on the H-WEC with the CB mooring, and the URWEC with the CB mooring, UR-WEC with anchor lines directly to the WEC, and UR-WEC with
compensator buoys 60 meters from the WEC with 1 inch lines. These runs stuck with the worsecase scenario of the waves approaching one leg. The results and observations for these tests are
provided in Table 10 through 17.
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For all 4 configurations, it was observed that the WEC had about the same amount of
submergence of the engine room. It was not until the 12 and 14 second waves that the bottom
bridle line seemed to be making a difference in WEC submergence. For the two configurations
with the full bridle, at these two periods the WEC had very little pitch and acted like a wave
follower.
For the other configurations, at these two periods the WEC pitched substantially at about
40 degrees and up to 85 degrees. The two models with the CB mooring had snap at all
frequencies, while the model with the anchor lines directly to the WEC had no snap because
there was no bridle. When the lines tensioned, the bottom chain was pulled up off the seafloor
absorbing the loads. The model with the compensator buoys 60m from the WEC also had no
snap, however it had a new phenomenon.
When the WEC and compensator buoys were on different waves, the top bridle line
would break the surface of the water. When the line became taut, there was a vibration sent
through the line that visually looked like a strummed guitar string. This did not appear to affect
the line tensions but may need to be investigated further. It may also cause other stresses in the
system with the vibrations.
Two other configurations of the UR-WEC were also run. One with the CB mooring
without the bottom bridle, and the other with the CB mooring with waves approaching in the -x
direction at two mooring legs. The model without the bottom bridle had snap at all frequencies
until 12 and 14 seconds, then there was no longer snap, but the load was over 100 kN. When the
waves approached in the -x direction there was snap in two lines, but the snap for each line was
about half. While it is concerning to see snap with the two lines, the test confirmed that the one
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leg approach is the worst case scenario. Tables for these two configurations are shown in the
Appendix.

Table 10: Wave steepness observations for H-WEC model with CB mooring.

H-WEC with CB mooring
Period (sec)

7

8

8.8

10

12

14

7.487
4.54

9

Heave amp (m)

5.75
3.35

11.378
5.76

15.4
7.53

19.335
9.72

Pitch amp (degree)

11.3

13.2

18

15

4

5

Surge amp (m)

3.75

4.64

4.74

5.21

7.22

10.14

Wave Height (m)

4.98
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Table 11: Wave steepness observations and max tensions for the H-WEC with CB mooring.

Wave steepness single frequency storm waves
ERC-engine room ceiling
Mooring
Configuration

Wave Wave
Height Period
(m)
(sec) Observations

5.75

7.49

H-WEC model with
CB mooring
configuration.

9

11.378

15.4

19.335

7

8

8.8

10

12

14

Snap loads in top bridle line
1, ERC submerges about 1/2,
pitches diagonally of wave
direction, Comp buoy 1
submerges.

Max Tension (after initial transient)
Top
Bottom
Bridle
Bridle
Anchor
line (kN) line (kN) line (kN)

Snap 50
line 1

34
line 2

39
line 1

Snap 55
line 1

35
line 1

42
line 1

Snap 64
line 1

50
line 1

47
line 1

Snap loads in top bridle line
1, ERC submerges about 1/4,
WEC yaws around z axis,
Comp buoy 1 submerges.

Snap 53
line 1

57
line 1

51
line 1

Snap loads in top bridle line
1, ERC submerges less than
1/4, comp buoy 1 submerges.

Snap 65
line 1

60
line 1

81
line 1

Snap 67
line 1

75
line 1

110
line 1

Snap loads in top bridle line
1, ERC submerges about 3/4,
pitches diagonally of wave
direction, Comp buoy 1
submerges.
Snap loads in top bridle line
1, ERC submerges about 1/2,
pitches diagonally of wave
direction, Comp buoy 1
submerges.

Snap loads in top bridle line
1, WEC yaws around z axis,
Comp buoy 1 submerges,
Small amount of pitch.
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Table 12: Wave steepness amplitudes for UR-WEC with CB mooring.

UR-WEC with CB mooring
Period (sec)
Wave Height (m)

7

8

8.8

10

12

14

5.75

7.487

9

11.378

15.4

19.335

Heave amp (m)

3.16

4.47

5.22

5.69

7.51

9.58

Pitch amp (degree)

19.8

22.8

19.9

20

7

4

Surge amp (m)

4.89

5.91

5.96

5.24

6.8

10.14

Table 13: Wave steepness observations for UR-WEC with CB Mooring.

Wave steepness single frequency storm waves
ERC-engine room ceiling
Wave Wave
Mooring
Height Period
Configuration
(m)
(sec) Observations

5.75

7.49

UR-WEC with CB
mooring
configuration

9

11.378

15.4

19.335

7

8

8.8

10

12

14

Max Tension (after initial transient)
Top
Bottom
Bridle
Bridle
Anchor
line (kN) line (kN) line (kN)

Snap loads in top bridle line
1, WEC submerges ERC
about 1/2, comp buoy 1
completely submerges.

Snap 41
line 1

30
line 2
&3

34
line 1

Snap loads in top bridle line
1, ERC submerges more than
3/4, Comp buoy 1
submerges.

Snap 61
line 1

40
line 1

43
line 1

Snap 71
line 1

58
line 1

51
line 1

snap 60
line 1

64
line 1

58
line 1

Snap 55
line 1

70
line 1

80
line 1

Snap 60
line 1

80
line 1

105
line 1

Snap loads in top bridle line
1, WEC submerges ERC
more than 3/4, Comp buoy 1
completely submerges.
Snap loads in top bridle line,
WEC submerges ERC about
1/2, Comp buoy 1 submerges.
Snap loads in top bridle line
1, ERC does not submerge,
Comp buoy 1 submerges.
Snap loads in top bridle line
1, does not submerge, little
pitch, Comp buoy 1
submerges.
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Table 14: Wave steepness amplitudes for UR-WEC with anchor lines directly to WEC

UR-WEC Anchor lines directly to WEC
Period (sec)
Wave Height (m)

7

8

8.8

10

12

14

5.75

9

11.378
5.65

15.4
8.29

19.335
10.85

Heave amp (m)

3.2

7.487
4.7

Pitch amp (degree)

18

25

35

40

53

85

4.74

6.47

6.8

7.59

10.5

12.89

Surge amp (m)

5.25

Table 15: Wave steepness observations and max tensions for UR-WEC with anchor lines directly
to WEC.

Wave steepness single frequency storm waves
ERC-engine room ceiling
Wave Wave
Mooring
Height Period
Configuration
(m)
(sec) Observations
5.75
7.49
UR-WEC: anchor
lines directly to
WEC

9

11.378

15.4

Note: All runs
19.335
have the bottom
anchor chain lifting
off the sea floor

Max Tension (after initial transient)
Top
Bottom
Bridle
Bridle
Anchor
line (kN) line (kN) line (kN)

Snap in anchor line 1, ERC
submerges 1/2 to 3/4.

N/A

N/A

30
line 1

Snap in anchor line 1, ERC
submerges completely.

N/A

N/A

41
line 1

ERC submerges about 3/4,
top of upper cylinder
submerges 1/4.

N/A

N/A

53
line 1

10

ERC submerges about 1/2.

N/A

N/A

12

Snap in anchor line 1, ERC
submerges about 1/2, lots of
pitch.

N/A

N/A

N/A

N/A

7
8

8.8

14

Snap in anchor line 1, WEC
pitches back almost 90
degrees, top cylinder
submerges when on its side,
ERC submerges 1/2, inertia
tube breaks surface.
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60
line 1
83
line 1

105
line 1

Table 16: Wave steepness amplitudes for UR-WEC with compensator buoys 60 m from WEC and
1 inch bridle lines.

UR-WEC Comp buoy 60m from WEC 1 inch lines
Period (sec)
Wave Height (m)
Heave amp (m)
Pitch amp (degree)
Surge amp (m)

7

8

8.8

10

12

14

5.75

7.487

9

11.378

15.4

19.335

3.11

4.57

5.24

6.09

7.78

9.74

21

23

23

26

40

40

4.56

5.52

5.66

6.72

10.11

14
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Table 17: Wave steepness observation and max tensions for UR-WEC with compensator buoys
60 m from WEC and 1 inch bridle lines.

Wave steepness single frequency storm waves
Note: ERC-engine room ceiling

Max Tension (after initial transient)

Mooring
Configuration

Bottom
Top Bridle Bridle
Anchor
line (kN) line (kN) line (kN)

Wave Wave
Height Period Observations
(m)
(sec)

5.75

7.49

UR-WEC: Comp
buoy 60 m from
WEC, 1 inch bridle
nylon and chain

9

11.378

15.4

Note: When lines
leave water, appears
to be
strumming/vibration
forces

19.335

7

8

8.8

10

12

14

ERC submerges about 1/2,
top bridle line 1 breaks
surface of water from WEC to
about middle of line.
ERC submerges completely,
top of upper cylinder touches
water, top bridle line 1 breaks
water surface when WEC is
pitching away from Comp and
both are on crest.
ERC submerges completely,
Comp buoy 1 submerges, top
bridle line 1 breaks surface of
water when WEC and Comp
on wave Crest.
When Comp and WEC at 1/4
and 3/4 wave length, top
bridle line 1 is completely out
of water and taut, ERC
submerges about 1/2.
Top bridle line 1 completely
out of water when Comp in
trough and WEC a 1/4 wave
length away, ERC submerges
about 1/2.
Top bridle line 1 comes
completely out of water when
on side of wave, ERC
submerges about 1/2.
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7
line 1

22
line 1

30
line 1

9
line 1

33
line 1

38
line 1

10
line 1

38
line 1

52
line 1

11
line 1

55
line 1

55
line 1

12
line 1

99
line 1

73
line 1

13
line 1

140
line 1

97
line 1

To get a better picture of how frequency affected pitch and loads, the results for peak line
tensions and WEC pitch were plotted in MATLAB for each frequency. Figures 41 and 42 show
the curves for the 4 models discussed above. Plots for the models with waves in the -x direction
and the bottom bridle line removed are shown in the Appendix.

Figure 41: Wave Steepness pitch and tension comparison.

Pitch is similar for all models for the first four periods; it is not until the 12 and 14 second
waves that the bridle has any significant effects on WEC pitching and submergence. The two
models with the CB mooring have very little pitch, while the other two models have significant
amounts of pitch. It should be noted that the waves at these periods are very large (15.4 m and
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19.335 m, respectively) and it would take a very large storm to produce these waves off the coast
of New Hampshire. Top bridle line tension is similar for the two models with the CB mooring
and is all snap loading. The model with the compensator buoys 60 m from the WEC has much
lower tension, and only slightly increases with period.

Figure 42: Wave Steepness line tension comparison.

The tensions for the bottom bridle lines and anchor lines have similar trends: as wave
period increases, line tension increases. For the 12 and 14 second waves, bottom bridle line
tension has a significant increase in tension for the compensator buoy 60 m from the WEC.
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While this configuration removes snap and decreases loading in the top bridle line, it appears to
increase loading in the bottom bridle line in large waves.

4.8 DESIGN WAVE COMPARISON
When designing ocean structures, it is common to have a standard design wave for a
given site. This wave is used to check performance and survivability of the device in question
before deployment. The previous mooring configuration and wave steepness testing were
conducted using the standard UNH design wave (H= 9 m, T= 8.8 sec), which is the “most
dangerous” waves expected to occur off the coast of NH. While this may be the standard for
UNH, other institutions might have a different idea of what wave height and period may be of
most concern, and a different setup might work better at different wave environments.
For example, MMC used historical buoy data to determine what a 50-year storm would
have for a significant wave height and period (H=10.7 m, T= 13 sec). This is what MMC used to
test the CB mooring. They also tested the design using the highest wave height recorded during
the 2012 Hurricane Sandy storm (H= 11.6 m, T= 11.1 sec). While both these storms had larger
wave heights than the UNH design wave, at single frequency the steepness of the wave was less
severe and would not be as rough on the WEC and system. The 50-year storm wave mentioned
briefly above had lower snap loading than the UNH wave. Here, the 3 storm waves will be
compared using four models, the H-WEC with CB mooring, and the UR-WEC with the CB
mooring, UR-WEC with anchor line to the WEC, and UR-WEC with compensator buoys 60 m
from the WEC. The results of this comparison are shown in Table 18 through 23.
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Table 18: UNH design wave amplitude comparison.
UNH Design
Wave, Most
Dangerous Wave
H=9m T=8.8 sec
Heave Amp (m)
Pitch Amp (deg)
Surge Amp (m)

UR-WEC no
H-WEC Model
comp buoy,
with CB
UR-WEC with anchor line to
mooring
CB mooring
WEC.
4.98
5.22
2.68
18
19.9
27
4.74
5.96
6.8

UR-WEC
comp buoy
60m from
WEC 1in lines.
5.24
23
5.66

Table 19: UNH design wave observations and max tensions.

UNH Design Wave: Most Dangerous Wave H=9m T=8.8 sec
ERC-engine room ceiling
Mooring
Configuration

H-WEC Model
with CB mooring

UR-WEC CB
mooring

UR-WEC: no
comp buoy
anchor lines to
WEC
UR-WEC: comp
buoys 60m from
WEC, 1in bridle
nylon and chain

Wave
Height
(m)

9

9

9

9

Max Tension (after intitial transient)

Wave
Period
(sec)

8.8

8.8

8.8

8.8

Observations
Snap loads in top bridle line
1, ERC submerges about
1/2, pitches diagonally of
wave direction, Comp buoy
1 submerges.
Snap loads in top bridle line
1, WEC submerges engine
room more than 3/4, Comp
buoy 1 completely submerges.
ERC submerges about 3/4,
top of upper cylinder touches
waves, bottom anchor line
lifts off bottom to absorb
loads.
ERC submerges completely,
Comp buoy 1 submerges.
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Bottom
Top Bridle Bridle
Anchor
line (kN) line (kN) line (kN)

Snap 64
line 1

50
line 1

47
line 1

Snap 71
line 1

58
line 1

51
line 1

NA

NA

53
line 1

10
line 1

38
line 1

52
line 1

Table 20: 50-year storm design wave amplitude comparison.
50 Year Storm
Design Wave

H-WEC
Model with
H=10.7m T=13 sec CB mooring
5.37
Heave Amp (m)
2.5
Pitch Amp (deg)
6.44
Surge Amp (m)

UR-WEC
with CB
mooring
5.36
4
5.96

UR-WEC no
comp buoy,
anchor line to
WEC.
5.59
40
9.67

UR-WEC comp
buoy 60m from
WEC 1in lines.
5.36
16
7.75

Table 21: 50-year storm design wave observations and max tensions comparison.

50 Year Storm Design Wave: H=10.7m T=13 sec
ERC-engine room ceiling
Wave
Mooring
Height
Configuration
(m)
H-WEC Model
with CB mooring

UR-WEC CB
mooring
UR-WEC: no
comp buoy
anchor lines to
WEC
UR-WEC: comp
buoys 60m from
WEC, 1in bridle
nylon and chain

10.7

10.7

10.7

10.7

Wave
Period
(sec)

13

13

13

13

Observations
Snap in top bridle line 1,
ERC does not submerge,
little pitch but pitches
diagonally.
Snap in top bridle line 1,
ERC does not submerge,
very little pitch
Bottom anchor line lifts off
bottom to absorb loads, ERC
submerges about 1/4.

No submerging
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Max Tension (after initial transient)
Bottom
Top Bridle Bridle
line
line
Anchor line

Snap 36
line 1

23
line 1

43
line 1

Snap 18
line 1

30
line 1

36
line 1

NA

NA

65
line 1

8
line 1

28
line 1

25
line 1

Table 22: Sandy storm design wave amplitude comparison.
Sandy Storm
Design Wave

H-WEC
Model with
H=11.6m T=11.1 sec CB mooring
5.7
Heave Amp (m)
5
Pitch Amp (deg)
5.86
Surge Amp (m)

UR-WEC no
comp buoy,
UR-WEC with anchor line to
CB mooring
WEC.
5.69
5.9
15
20
5.14
8.53

UR-WEC
comp buoy
60m from
WEC 1in lines.
5.87
12
7.29

Table 23: Sandy storm design wave observations and max tensions comparison.

Sandy Storm Design Wave: H=11.6m T=11.1 sec
ERC-engine room ceiling
Wave
Mooring
Height
Configuration
(m)
H-WEC Model
with CB mooring

11.6

UR-WEC CB
mooring

11.6

UR-WEC: no
comp buoy
anchor lines to
WEC
UR-WEC: comp
buoys 60m from
WEC, 1in bridle
nylon and chain

11.6

11.6

Max Tension (after initial transient)

Wave
Period
(sec)

Observations

Bottom
Top Bridle Bridle
Anchor
line (kN) line (kN) line (kN)

11.1

Snap in top bridle line 1,
ERC does not submerge,
WEC pitches diagonally.

Snap 50
line 1

40
line 1

50
line 1

11.1

Snap in top bridle line 1,
Comp buoy 1 submerges.

Snap 42
line 1

50
line 1

49
line 1

N/A

N/A

60
line 1

Strumming
9
line 1

50

11.1

11.1

Bottom anchor line lifts off
bottom to absorb loads, ERC
submerges about 1/2.
Top bridle line 1 becomes
taut above water surface,
looks like strumming. ERC
submerges about 1/4.

39
line 1

The tables above show that for all design waves, the CB mooring has the lowest amount
of pitch and has the least amount of submergence. When there is a concern for pitch instability,
this mooring may seem like the ideal solution. However, this advantage is shadowed by the line
loading. All the CB mooring runs have snap loading, while the 50-year storm design wave only
92

has snap of about 18 kN and may seem manageable, all snap is bad and should be avoided if
possible. With these tests being conducted at single frequency, any loading will likely be
increased when the same wave parameters are used as significant wave height and periods.
Therefore, a mooring configuration that eliminates snap loading should be selected for storm
survivability. The next chapter will investigate these models further during random seas using
the UNH design wave and 50-year storm design wave.

CHAPTER 4 SUMMARY
Initial testing does not appear to show any significant beneficial results to the mooring
bridle configuration. There are large snap loads in the system which could cause premature
failure of the mooring, and it adds complexity to the system. When comparing the different
configurations, they all have similar submergence of the engine room ceiling, from half to full
submergence.
The different configurations also have no significant impact on the heave, pitch, or surge
amplitudes of the WEC. Almost all configurations had snap loading, only the models with the
large compliance or no bridle eliminated the snap loads. It is not until the waves reach 12 and 14
second periods that the bridle seems to have a beneficial effect; the buoy only pitches a few
degrees, whereas the other configurations had 40 to 85 degrees of pitch. However, there is still
snap loading with the low pitch amplitudes. It should be noted that at these periods the wave
heights are 15.4 and 19.335 meters high. These are much higher than any wave experienced off
the New Hampshire coast.
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Since the piston will be locked during storms and there is no power production, large
pitch and WEC submergence should be less of a concern than large mooring loading. A device
being deployed in the ocean should be watertight for storm conditions, and submergence due to
pitching into waves should not cause concern of the device sinking. Based on the data collected
in the single frequency simulations, the full bridle system is a likely cause of system failure in a
storm, the WEC breaking free of the mooring, or mooring forces breaking open the float. To get
a more complete picture of mooring and WEC performance during a storm, the next chapter will
talk about random sea testing based on significant wave height and periods typically experienced
in New Hampshire.
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CHAPTER 5
RANDOM SEA STORM SIMULATIONS

5.1 OVERVIEW
Random sea storm simulations are a more severe test of seakeeping response than those
using single frequency waves. Constituent waves can combine to produce much larger and
steeper waves which may have enhanced effects due to nonlinearities. OrcaFlex was therefore
used to run random sea simulations using the previous wave parameters as significant wave
height and peak period. Three configurations of the mooring system were tested in a random sea
with significant height and peak period using the UNH design wave and the 50-year storm
design wave. The three configurations consisted of the base UR-WEC with the CB mooring as
well as the two configurations that showed promise for reducing mooring line loads – extending
the bridle lines and decreasing their size to put the compensator buoys 60 meters from the WEC,
and attaching the three mooring lines directly to the WEC itself. Motion and mooring line
statistics were generated and compared.
In addition, heave RAOs were calculated using a spectral approach, which needed to be
employed for random processes. These RAOs were compared with previously calculated single
frequency RAOs to examine how the importance of physical processes can change during storm
conditions.
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5.2 ORCAFLEX LIMITATIONS
As talked about in the previous chapter, OrcaFlex has difficulty modeling slack chain.
This was fixed in the single frequency simulations by adding a small amount of bending stiffness
to the chain links. However, during the random sea storm simulations with the violent nature of
the random sea storm, this bending stiffness was no longer adequate to keep the simulation stable
and noise free. Now, instead of just rattle (noise) in the chain, the chain would also collapse on
itself. This would then become unstable, and the simulation would abort (Figure 43).

Figure 43: Collapsed bridle line during random sea storm simulations.

To try to remove this, without adding too much bending stiffness, the bending stiffness
and time step were adjusted along with the number of line elements. If a small increase in
bending stiffness did not work, the time step was decreased, and the number of line elements
increased with the hopes that finer calculations would remove the noise. For example, the time
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step for the UR-WEC with CB mooring in the UNH design wave was decreased to Δt=0.0006
seconds and the number of line elements in the bottom bridle line was increased. Additionally,
for the UR-WEC with anchor lines to the WEC, the bending stiffness had to be increased to
0.014 kN.m2 for the top chain and 0.012 kN.m2 for the bottom chain.
Even with these adjustments, the simulations would still become unstable, or the line
would collapse. Bending stiffness could not be increased further without the risk of the chain
becoming too unrealistic, and a decrease in time step or increase in the number of line elements
would cause a great increase in simulation run time (several days or more for a 17 minute
simulation). An unstable simulation was restarted at a save point, and then the simulation could
make it past the previous unstable section. It was discovered that if the save point was far enough
in time from the point the noise started, the simulation had a chance not to acquire that noise
again at the same time.
For example, the simulation could be saved at 300 seconds, then if the line collapsed at
450 seconds the simulation could be restarted at the 300 second point. If it got past the 450
seconds it may collapse again at 800 seconds, but the simulation can be restarted at the last save
point. However, if the save point was at 300 seconds and the noise started at 350 seconds, the
noise would always reappear at the same time every rerun. The simulations had to be stopped
and restarted many times hoping the noise would not appear, for this reason the simulations had
to be watched and could not be left to run on their own. Fortunately, all six simulations were able
to be fully completed.
It is not understood why the noise would appear and disappear with different starting
points. No parameters were changed within an ongoing simulation, and while the sea surface
elevation is “random,” it is a repeatable “random” sea wave train. If the wave parameters are
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kept the same, the wave train will be the same for every run, every restart, and every simulation
tested. This noise appears to occur randomly and may cause issues when running much longer
simulations. Figure 44 shows 100 seconds of the sea surface elevation for both design waves
used on each of the three different simulations plotted together.

Figure 44: Sea surface elevation for each random sea simulation. The random sea surface
remains the same for each simulation.

The plot shows that the waves are identical for each design wave. This will also allow for
some confidence in the configuration comparisons. Any change in the results for line loading,
pitch, WEC submergence, etc. will be due only to the changes of the mooring system, not the
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wave field, because the wave field is the same for each configuration. It should be noted again
that with this limitation in slack chain, it is also unclear how OrcaFlex handles snap loading. Due
to the unpredictable nature and extreme stresses in snap loading, it will be assumed that the given
tension values may even be larger than what is presented.

5.3 RANDOM SEA SIMULATION SETUP
The ocean is a mix of waves of all shapes and sizes. To reproduce this in OrcaFlex a
frequency spectrum was used to superimpose linear waves, creating a random sea with user
specified parameters. For the following analysis a JONSWAP spectrum was used, where the
significant wave height and peak period were set as per the design waves, and the rest of the
parameters were calculated by OrcaFlex. Significant wave height is defined as the average of the
highest 1 3 of the waves. The JONSWAP spectrum is defined as
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g is the acceleration due to gravity and the other parameters γ, α, B , and B" are data items
calculated in OrcFlex based on the significant wave height and peak period specified by the user.
These parameters are listed in Table 24 and the spectrum for each design wave is shown in
Figure 45. Looking at this spectrum plot, the 50-year storm design wave appears to be the bigger,
more severe storm because it has more energy and bigger waves than the UNH design wave.
However, as discovered in the single frequency testing, the steepness of the waves caused more
severity over the size of the wave. The number of waves for each design wave is calculated as,

^=

#_

[15]

where t is the duration of the simulation and Tz is the zero crossing period determined by
OrcaFlex. The number of waves are 163 and 110 for the UNH and 50-year storm design waves,
respectively. The greater number of waves in the UNH design wave will also attest to it being the
more severe storm (Orcina Ltd. 2018b).

Table 24: JONSWAP parameters: Hs- significant wave height, Tz - zero crossing period, Tp -peak
period, fm – spectral peak frequency, σ – spectral width parameters, γ – peak enhancement
factor, α – spectral energy parameters.

Wave Hs (m)

Tz (s)

TP(s) fm (Hz)

σ1

σ2

γ

α

# of
waves

UNH
Wave

9

6.25

8.8

0.1136

0.07

0.09

1

0.0684

163

50 year
Wave

10.7

9.24

13

0.0769

0.07

0.09

1

0.0203

110

100

Figure 45: Power spectral density for the design waves used in random sea. Calculated by
OrcaFlex using Fourier Transform.

As before, the waves approached the WEC with one mooring leg in the wave direction
for the worst case scenario, and the simulations were run for 17 minutes. It should be noted that
while this random sea is more representative of the real ocean in a storm, it is still a
simplification. This simulation does not include the effects of wind and currents; therefore, any
of the conditions experienced in these simulations will most likely be even worse in a real storm.
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5.4 RANDOM SEA MODELS
Three different configurations of the mooring system were chosen for the random sea
simulations: the CB mooring, compensator buoys 60 meters from the WEC, and the anchor lines
directly to the WEC. The CB mooring was chosen because although it has the highest loads, it is
the current design being considered for deployment. The mooring with the compensator buoys
60 meters from the WEC was chosen because it offers the most compliance and lowest load,
without restricting the WEC motion. Lastly, the mooring with the anchor lines directly to the
WEC was chosen for its simplicity.
For these simulations, the UR-WEC was used instead of the H-WEC model. The initial
inclination of the H-WEC may skew the results and would need to be addressed before the actual
WEC was deployed. These three configurations were subjected to the UNH design wave and the
50-year storm design wave. Significant wave height was 9 meters and 10.7 meters, and peak
period was 8.8 seconds and 13 seconds, respectively.

5.5 RANDOM SEA ANALYSIS
The data collected from random sea simulations cannot be analyzed in the same manner
as the single frequency data. Therefore to start, a statistical approach was taken. Using
MATLAB, the mean, standard deviation, root mean square (RMS), and peak value were found
for the whole time series. This was done for the heave, pitch, surge, and all line tensions. The
results are shown in Tables 25-27.
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Table 25: Statistics for the UR-WEC with CB mooring. Waves are moving in the negative x
direction, meaning negatives values are in the direction of the wave.

UR-WEC: CB Mooring, Random Sea Simulations
UNH Design Wave H= 9m T= 8.8 sec
50 Year Storm Design Wave H= 10.7m T= 13 sec
UNH Wave- A
50 yr. Wave- B A/B Mean
STD
RMS

WEC
Heave (m)
Pitch (deg)
Surge (m)

Peak Value

Note: waves moving in -x direction
A

-3.85E-05

2.44

2.45

9.83

B

-4.07E-05

2.84

2.84

7.26

B

-14.33
-8.31

19.81
15.63

24.45
17.71

-81
-68

-18.88

11.44

22.07

-70.3

-9.15

7.87

12.07

-41.56

42.99

43.52

61.18

203.76 Snap

19.71

26.99

33.42

168.76 Snap

3.19

4.77

5.74

78.38

2.49

1.16

2.75

14.5

3.07

4.26

5.25

86.87

2.48

1.14

2.73

14.21

34.84

26.95

44.04

248.46

23.74

17.16

29.29

114.54

15.53

14.05

20.94

179

12.9

5.61

14.07

83.6

14.99

11.66

18.99

162.06

12.63

5.35

13.72

68.22

78.8

42.0802

89.33

291.78

44.86

25.34

51.54

170.11

9.25

4.83

10.44

30.1

11.13

4.81

12.12

26.47

9.82

5.06

11.05

36.87

10.74
0.0032
0.0028

4.74
2.23
2.71

11.74
2.23
2.71

25.07
8.092
8.43

A
A
B

Line Tension (kN)
Top Bridle
Line 1
Top Bridle
Line 2
Top Bridle
Line 3
Bottom Bridle
Line 1
Bottom Bridle
Line 2
Bottom Bridle
Line 3
Anchor
Line 1
Anchor
Line 2
Anchor
Line 3
Sea Surface
Elevation (m)

A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
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Table 26: Statistics for the UR-WEC with anchor lines to the WEC. Waves are moving in the
negative x direction, meaning negatives values are in the direction of the wave.

UR-WEC: Anchor Lines to WEC
Random Sea Simulations
UNH Design Wave H= 9m T= 8.8 sec
50 Year Storm Design Wave H= 10.7m T= 13 sec
UNH Wave- A
50 yr. Wave- B

A/B Mean

STD
RMS
Peak Value
Note: waves moving in -x direction

WEC
Heave (m)

A

-9.98E-06

2.62

2.62

7.93

Pitch (deg)

B
A
B

-5.90E-05
0.54
0.392

2.97
34.18
32.32

2.97
34.19
32.33

7.91
104.6
88.28

Surge (m)

A

-10.21

10.76

14.83

-60.65

-4.32

7.68

8.81

-40.75

B

Line Tension (kN)
Top Bridle
Line 1
Top Bridle
Line 2
Top Bridle
Line 3
Bottom Bridle
Line 1
Bottom Bridle
Line 2
Bottom Bridle
Line 3
Anchor
Line 1
Anchor
Line 2
Anchor
Line 3
Sea Surface
Elevation (m)

A

N/A

N/A

N/A

N/A

B N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

B N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

B N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

B N/A

N/A

N/A

N/A

A N/A
B N/A

N/A
N/A

N/A
N/A

N/A
N/A

A

N/A

N/A

N/A

N/A

B N/A

N/A

N/A

N/A

A
A
A

A

56.04

46.76

72.98

304.01

31.38

30.28

43.6

186.9

4.98

3.82

6.27

23.5

B

7

5.41

8.85

29.52

A
B
A
B

4.98
7
0.0032
0.0028

3.82
5.41
2.23
2.71

6.28
8.85
2.23
2.71

23.51
29.52
8.1
8.433

B
A
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Table 27: Statistics for the UR-WEC with the compensator buoys 60 m from the WEC. Waves are
moving in the negative x direction, meaning negatives values are in the direction of the wave.

UR-WEC with Comp buoy 60 meters from WEC
Random Sea Simulations
UNH Design Wave H= 9m T= 8.8 sec
50 Year Storm Design Wave H= 10.7m T= 13 sec
UNH Wave- A
50 yr. Wave- B

A/B Mean

STD
RMS
Peak Value
Note: waves moving in -x direction

WEC
Heave (m)

A

-1.20E-04

2.57

2.57

7.83

Pitch (deg)

B
A
B

-2.17E-05
-38.63
-22.87

2.98
21.58
21.46

2.98
44.25
31.36

7.98
-97.7
-88.56

A
B

-25.40
-14.07

12.08
10.24

28.13
17.4

-70.89
-47.77

10.21

3.9

10.93

20.15

6.9

3.96

7.95

17.37

2.45

1.13

2.7

10.58

2.39

0.93

2.56

6.05

2.44

1.11

2.68

9.52

2.38

0.93

2.56

6.74

64.03

49.27

80.79

413.23

36.73

34.34

50.28

237.18

12.35

13.42

18.23

152.66

9.68

6.46

11.64

50.75

12.16

12.93

17.74

153.38

9.59

6.3

11.5

45.91

78.85

41.27

89

274.6

45.97

28.66

54.17

164.76

8.49

5.65

10.2

38.4

B

8.53

4.21

9.51

23.07

A
B
A
B

8.43
8.45
0.0032
0.0028

5.55
4.24
2.23
2.71

10.09
9.46
2.23
2.71

34.62
20.65
8.1
8.43

Surge (m)

Line Tension (kN)
Top Bridle
Line 1
Top Bridle
Line 2
Top Bridle
Line 3
Bottom Bridle
Line 1
Bottom Bridle
Line 2
Bottom Bridle
Line 3
Anchor
Line 1
Anchor
Line 2
Anchor
Line 3
Sea Surface
Elevation (m)

A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
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Looking at the tables, the WEC with the CB mooring had the smallest RMS pitch for
both the UNH and 50-year storm design wave at 24 and 17 degrees, respectively, while the other
two configurations were in the 30s and 40s. While this may seem like favorable results and the
mooring was performing as planned, the peak values were up to 81. With the pitching averaging
a minimum of 24 degrees, there is no real benefit to stability over line loading. This data is
plotted as a bar graph in Figure 46 for better comparison. Heave, pitch, and surge are all close in
magnitude for each of the configurations during each wave environment.

Figure 46: Bar graph of the peak values for heave, pitch, and surge for each of the
configurations and design waves.
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The tension for the top bridle lines were significantly greater in the CB mooring for both
wave environments than the configuration with the compensator buoys 60 meters from the WEC
(Figure 47). The averages of the tensions were also much higher in the CB mooring for line 1.

Figure 47: Bar graphs showing peak values for the top bridle line tension. Lines 1, 2, and 3 are
on mooring leg 1, 2, and 3 shown previously. Line 1 is perpendicular wave directions.

Bottom bridle line tension was greater in the mooring configuration with the compensator
buoys 60 meters from the WEC. There was one very large spike during an extreme wave, where
the WEC was on its side and the lines were out of the water. This peak is almost double to that of
the CB mooring. The average loading for the 60 meter compensator buoys was also about double
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that of the CB mooring. Removing large loads from the top bridle line appears to increase the
loading in the bottom bridle line (Figure 48).

Figure 48: Bar graphs showing peak loading in bottom bridle line tension.

Anchor line tension for all three configurations were comparable for each wave with the
averages being very close (Figure 49). The benefit here is that the configuration with the anchor
lines directly to the WEC only has the anchor line loading and no other line forces on the WEC.
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Figure 49: Bar graphs showing peak loading in anchor line tensions.

Another way to look at the line tension is to examine how many times the tension
exceeds a given value. Table 28 shows how many times the tensions exceeded 50, 100, and 150
kilonewtons. Table 29 is a list of the minimum breaking loads for each line type along with the
working load limits (WLL) for standard factors of safety, which are 3 for static loading and 20
for dynamic loading. Table 30 illustrates how many times leg one exceeds the line limits; while
the top bridle line and anchor line have both chain and nylon, the nylon line is the “weaker” of
the two and its limits are used in the table. As mentioned in the previous chapter, manufacturers
do not give WLL for extreme dynamic/snap loading due to the extreme and unpredictable
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loading. These safety factor values are just given as a guide to compare the loading experienced
by the line and the safe working loads of the line.

Table 28: Number of instances of line tension for each mooring line for each simulation.
UNH Wave- A
50 yr. Wave- B

UR-WEC
UR-WEC
UR-WEC
A/B CB mooring
Anchors to WEC Comps 60 meters
Line tension ≥ value
≥50 ≥100 ≥150 ≥50 ≥100 ≥150 ≥50 ≥100 ≥150
in kN
A
145
59
19 N/A N/A N/A
0
0
0
Top Bridle
Line 1
B
63
12
2 N/A N/A N/A
0
0
0
A
3
0
0 N/A N/A N/A
0
0
0
Top Bridle
Line 2
B
0
0
0 N/A N/A N/A
0
0
0
A
2
0
0 N/A N/A N/A
0
0
0
Top Bridle
Line 3
B
0
0
0 N/A N/A N/A
0
0
0
A
107
17
4 N/A N/A N/A 187
69
25
Bottom Bridle
Line 1
B
39
4
0 N/A N/A N/A
73
20
9
A
36
12
1 N/A N/A N/A
28
4
1
Bottom Bridle
Line 2
B
1
0
0 N/A N/A N/A
1
0
0
A
28
4
1 N/A N/A N/A
26
4
1
Bottom Bridle
Line 3
B
2
0
0 N/A N/A N/A
0
0
0
A
125
36
13
72
30
11 121
44
14
Anchor
B
56
9
1
48
8
2
57
16
3
Line 1
A
0
0
0
0
0
0
0
0
0
Anchor
Line 2
B
0
0
0
0
0
0
0
0
0
Anchor
A
0
0
0
0
0
0
0
0
0
Line 3
B
0
0
0
0
0
0
0
0
0
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Table 29: Load limits for the mooring lines. Top chain is used in the top and bottom bridle lines
for the CB mooring and the end of the anchor line when anchor lines attached directly to the
WEC. Bottom chain is the anchor chain on the seafloor. The 3 inch nylon is the line used in all
configurations anchor lines and the top bridle line of the CB mooring. The 1 inch chain and 1
inch nylon are used in the top and bottom bridle line for the configuration with the compensator
buoys 60 meters from the WEC. Working load limit (WLL) is the safe working load calculated by
dividing minimum breaking load by a factor of safety (Safety Factor, SF).

Line type
Top Chain (2 in
bar dia)
Bottom Chain (3
in bar dia)
Nylon lines (3
inches)
1 inch Chain
1 inch Nylon
lines

Minimum Breaking
Load

WLL with SF 3
(uniform loading)

WLL with SF 20
(moderate shock)

Grade 2: 1411.92 kN
Grade 3: 2019.98 kN
Grade 2: 3015.19 kN
Grade 3: 4313.71 kN

Grade 2: 470 kN
Grade 3: 673.3 kN
Grade 2: 1005 kN
Grade 3: 1438 kN

Grade 2: 70.6 kN
Grade 3: 101 kN
Grade 2: 150 kN
Grade 3: 215 kN

809.17 kN

269 kN

40.5 kN

Grade 2: 123.5 kN Grade 2: 18.52 kN
Grade 3: 176.9 kN Grade 3: 26.53 kN

Grade 2: 370.94 kN
Grade 3: 530.69 kN
89.9 kN

30 kN
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4.5 kN

Table 30: Number of instances tension exceeds the line limits for mooring leg 1. MBL is the
minimum breaking load and the WLL is the working load limit including a safety factor (SF) of 3
and 20. A SF of 3 is recommended for static loading and a SF of 20 is used for dynamic loading.
It should be noted that the safety factor of 20 is just a guideline and most manufacturers will not
give a WLL for dynamic use due to the unpredictable nature of dynamic loads.
UNH Wave- A
50 yr. Wave- B

UR-WEC
UR-WEC
A/B CB mooring
Anchors to WEC
Line tension ≥ value in
≥ WLL ≥ WLL
≥ WLL ≥ WLL
kN
≥ MBL SF 3
SF 20 ≥ MBL SF 3
20
kN
Top Bridle
Line 1

A
B

kN
Bottom Bridle
Line 1

A
B

kN

Anchor Line 1

A
B

809.17

269

0
0

0
0

2020

673.3

0
0

0
0

809.17

269

0
0

1
0

40.5 N/A
137
71

N/A

N/A
N/A

101 N/A
17
3

N/A
N/A
N/A

N/A

N/A
N/A
N/A

UR-WEC
Comps 60 meters
≥
≥ WLL ≥ WLL
MBL SF 3
SF 20
89.9

30

4.5

0
0

0
0

132
98

530.69

176.9

26.53

N/A
N/A

N/A
N/A

N/A
N/A

0
0

16
6

233
163

40.5 809.17

269

40.5 809.17

269

40.5

1
0

134
71

142
84

0
0

1
0

83
57

0
0

Table 28 shows that the CB mooring configuration had the highest instances of tension
for each of the configurations in each line, with loading of over 50 kN happening 145 times in
the top bridle in one of the CB moorings, and over 150 kN happening 19 times. Table 30 shows
that leg one in each configuration exceeds the dynamic WLL many times for each line. Although
this is not an official WLL, it is a good estimate and there is a good possibility of line failure
with so many instances above the SF of 20.
The configuration with the compensator buoys 60 meters from the WEC also exceeds the
advised WLL even with its compliance. The 1 inch lines were chosen to show that a smaller line
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would add compliance. For the actual mooring, a line between 1 and 3 inches can be used. For
example, a 1.5 inch line has a MBL of 202.3 kN. This line may still add enough compliance to
reduce loading and be strong enough to handle the loads experienced.
Along with the high loading in the different lines and the large amount of pitch, all
configurations have repeated complete submergence. For the mooring with the compensator
buoys 60m from the WEC, there is a peak value of over 400 kN in the bottom bridle line during
the biggest wave. In these large storms the WEC has large pitch and total submergence no matter
the configuration. Since the bridle does not keep the WEC upright and above water during
storms, a design that has the lowest load and least amount of restriction on the WEC motion
should be considered.
Watching the simulations, one can see how violent these random seas are. Without the
animated simulations it is difficult to portray the severe conditions observed in the storm waves.
While not exactly a true scientific method, the animations can show some of the physical
processes that are occurring behind the numbers, such as how the WEC is moving within the
wave, or how the lines are behaving. To help visualize the conditions, stills of the simulations of
an extreme wave are shown below in Figure 50 – 55, one for each of the six simulations that
were run. These figures show that all configurations have complete submergence or more than
90 degrees of pitch. With this style device, there is no avoiding the pitch and submergence.
Consequently, it is likely that with any configuration of the mooring system, the WEC will still
have to be completely watertight and possibly have backup buoyancy.
Figures 50 and 51 are of the UR-WEC with the CB mooring for the UNH and 50-year
storm design wave. For this mooring configuration, both design waves have a wave that will
push the WEC and compensator buoys together.
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Figure 50: CB mooring, UNH design wave at 285 seconds.

Figure 51: CB mooring, 50-year storm design wave at 445 seconds.

Figures 52 and 53 are the UR-WEC with the anchors attached directly to the WEC in the
UNH and 50-year storm design waves. With the mooring lines connected directly to the WEC,
the large loading is absorbed by the mooring chain being picked up off the seafloor. This
configuration is the simplest mooring design with less line and less loading, but the WEC still
submerges completely.
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Figure 52: Anchor lines attached to the WEC, UNH design wave at 272 seconds.

Figure 53: Anchor lines attached to the WEC, 50-year storm design wave at 436 seconds.

Figures 54 and 55 are the UR-WEC with smaller bridle lines and the compensator buoys
60 meters from the WEC for the UNH and 50-year storm wave. Figure 54 is when the large
spike in the bottom bridle line occurs. While this configuration has less loading in the top bridle
lines, large waves push the WEC and compensator buoys together causing more slack in the line.
With the bridle lines no longer tensioned in these severe conditions and components close
together, this could cause components to snag on each other during a storm and cause damage to
the WEC.
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Figure 54: Compensator buoys 60 meters from the WEC, UNH design wave at 277 seconds.

Figure 55: Compensator buoys 60 meters from the WEC, 50-year storm design wave at 445
seconds.

The figures above are from one extreme wave during each storm simulation. This
happened several times during a 17 minute simulation. Therefore, during a storm that lasted
several hours, the WEC could spend a lot of time underwater and have components close
together.
These figures also show that the bridle lines, compensator buoys, and WEC all get forced
together during large surge events. This could be of concern if there is any lateral movement in
the y plane. Compensator buoys could get twisted together or smash each other to pieces. There
may also be a concern of the lines getting snagged on any structure protruding from the top of
the WEC, or these structures being ripped off when the top of the WEC is submerged.

116

5.6 WEC SUBMERGENCE
OrcaFlex has a large list of exportable data, one that was found to be of interest was a dry
length time series. The dry length of the WEC is plotted over time. As discussed in Chapter 3,
the model of the WEC is composed of a stack of cylinders, so the dry length is the sum of the
((cylinder length * cylinders volume above surface) / total cylinder volume) for each cylinder
(Orcina Ltd. 2018b). For example, Figure 56 shows the WEC with a dry length of about 13
meters and Figure 57 shows the WEC with a dry length of about 2 meters.

Figure 56: Example of WEC submergence, dry length of about 13 meters.

Figure 57: Example of WEC submergence, dry length of about 2 meters.
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Using this data, Table 31 was produced to give the number of times the WEC was
submerged, the number of times dry length equals zero, how many times the WEC had dry
length less than or equal to 1 meter, less than or equal to 2 meters, greater than or equal to 6m,
and greater than or equal to 8 meters. The equilibrium dry length of the WEC is 4.1 meters.

Table 31: WEC submergence instances.
UR-WEC
# of waves CB
UNH: 163 Mooring
50 yr.: 110 UNH wave

UR-WEC
CB
mooring 50
Year wave

UR-WEC
Anchor
Line to WEC
UNH wave

UR-WEC
Anchor
Lines to WEC
50 Year wave

UR-WEC
Comp 60m
from WEC
UNH wave

UR-WEC
Comp
60m from WEC
50 Year wave

# of times

# of times

# of times

# of times

# of times

# of times

Equal 0

45

19

55

20

54

28

≤ 1m

94

38

105

51

122

53

≤2m

146

75

149

96

170

89

≥6m

26

4

37

9

65

17

≥8m

3

0

3

0

24

5

WEC Dry
Length

It should be noted that the dry length is calculated for any cylinder above the surface. The
WEC does not have to be upright; the dry portion of the WEC could be the inertia tube or the
side of the float, with the upper portion of the WEC submerged. While this does give a good
estimation of complete submergence, it does not show the orientation of the WEC. The WEC
having the dry length over 8 meters does not mean the WEC came out of the water 8 meters
vertically, but that the inertia tube broke the free surface when the WEC was on its side.
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All three configurations for each design wave have a good amount of complete
submergence from 19 to 55 times. While watching the simulation videos, this complete
submergence could be just below the surface or several meters below the surface. For this
reason, the buoy should be completely watertight, or have all open space filled with foam or
watertight compartments. The WEC also has a dry length of 2 meters or less, 75 to 170 times.
With the static freeboard being 4.1 meters, this means the engine room ceiling spends a lot of
time underwater even without complete submergence.
For some of the simulations there were also a few times where dry length was greater
than 8 m when more than half of the WEC was out of the water. The simulations show that near
some wave troughs the inertia tube is completely out of the water. This table and the figures
above start to give a picture of how much the random seas move the buoy around and why it is
difficult to design for the ocean.
The dry length above has a lot to do with how the WEC is pitching on the waves. Table
32 shows how many times each configuration had a pitch angle over a certain value. From this
table it can be seen that the UNH design wave has much more pitching than the 50-year storm
design wave. For the corresponding mooring configuration, the CB mooring has the least amount
of pitch, followed by the compensator buoys 60 meters from the WEC, while the anchor lines
directly to the WEC have the most pitch. Pitching of 30 degrees or more happens up to 160 times
and there are even instances of pitch over 90 degrees. This pitching aids in the submergence of
the engine room ceiling and occurs no matter the mooring configuration.
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Table 32: Pitch occurrences.

# of waves
UNH: 163
50 yr.: 110
WEC Pitch
(abs)

UR-WEC
CB
Mooring
UNH wave

UR-WEC
UR-WEC Anchor
CB
Lines to
mooring 50 WEC UNH
Year wave wave

UR-WEC
Anchor
Lines to
WEC 50
Year wave

UR-WEC
Comp 60m
from WEC
UNH wave

UR-WEC
Comp
60m from
WEC 50
Year wave

# of times

# of times

# of times

# of times

# of times

# of times

≥ 15 deg

142

106

182

159

177

140

≥ 25 deg

92

57

148

127

165

111

≥ 30 deg

76

47

137

107

160

97

≥ 45 deg

46

17

86

70

129

64

≥ 60 deg

15

3

46

32

84

31

≥ 90 deg
≥ 100 deg

0
0

0
0

1
1

0
0

4
0

0
0

5.7 SPECTRAL RESPONSE AMPLITUDE OPERATORS (RAOS)
Heave motion RAOs were calculated from the random sea storm simulations using the
power spectral density RAO

`2abcNdc = e

Oc+N Cf)
gO
4Ndc Cf)

[16]

to compare with heave RAOs found previously from the single frequency waves. The spectral
form given in Eq [16] is necessary for random seas because of the bandwidth of frequencies
incorporated in the input wave; direct division of the output over the input would not provide
useful results. Using Fourier analysis, the input and output time series were transformed into the
frequency domain to show the energy at a given frequency. This could then be divided into
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RAOs, and the comparison will shed light on how the dominant physical processes change when
wave forcing amplitude undergoes a significant increase.
Results for the UR-WEC with CB mooring subject to the UNH random sea storm are
provided in Figure 58. To clearly show the contributions, the wave forcing spectrum and the
heave response spectrum, as well as the heave RAO, are plotted. The frequency range plotted
extends from 0.075 Hz to 0.300 Hz which was the range over which there was non-negligible
wave forcing energy. For comparison, two single frequency RAOs (0.49 m and 0.97 m wave
heights) are also shown.

Figure 58: Heave RAO from power spectral density. The left scale is for all RAOs, while the
right scale in m2/Hz applies to the wave and heave spectra. Ensembled Averaged are the spectra
filtered using an ensemble averaging method. Smooth RAO was smoothed using a built in
MATLAB filter.
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The heave RAO spectrum is about 1 over most of the wave energy containing range,
indicating wave follower behavior during storms. There is some shift in heave response energy
to frequencies lower than that of the wave forcing, which can be attributed to nonlinear
processes. This resulted in the RAO plot increasing at low frequencies. However, this is not
particularly significant since both spectra are small below 0.1 Hz.
The single frequency results also show RAOs about 1 (wave follower behavior)
throughout the range for which there was significant storm wave energy. The single frequency
low amplitude waves RAOs peak around 0.22 Hz due to the forcing frequency matching the
natural frequency found in the free release experiment. In both the single frequency and free
release tests, the fluctuating buoyancy force played an important role in the dynamics. Under
storm conditions on the other hand, the buoyancy is no longer central, instead the WEC
responded directly to wave-induced drag and inertial forces. These large storm wave forces were
dominant, resulting in the WEC moving vertically with the wave.
The same analysis was done for pitch and surge for all simulations but did not yield any
useful information, plots can be seen in the Appendix. The storm response was complicated by
large motion constraints of the mooring system, which were of lesser importance in the single
frequency tests.
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CHAPTER 5 SUMMARY
The spectral density plot at the beginning of this chapter shows that the 50-year storm
design wave has bigger waves with a lot more energy than the UNH design wave. However, the
data shows that the UNH design wave has a more severe environment for the WEC to endure
with its lower energy, steeper waves. Line tensions are much higher in the UNH wave with more
occurrences of large loads, extreme pitch, and complete WEC submergence. As discussed in the
single frequency section, the steeper the wave, the more severe the WEC response was. This
suggests that while the WEC and mooring system may perform adequately in one design wave, it
may not perform well in another.
For this reason, it is critical that when designing a device for a specific area it should be
tested in the more “severe” scenario that could be experienced in that location, not just the
biggest storm experienced. Although the UNH design wave has the more severe conditions, the
WEC experiences unfavorable conditions in both waves. When viewing the animated
simulations, all configurations had extreme pitching and surge and the WEC had complete
submergence sometimes several meters below the sea surface, which is substantiated by the data.
The spectral analysis done on the WEC data showed that the dominant forces acting on
the WEC in storms are wave-induced drag and inertial forces, and not the fluctuating buoyancy
acting on the WEC at low amplitudes. With these extreme forces, the bridle system cannot do
much to keep the WEC upright and above the surface. For the WEC to survive storm conditions,
it will need a mooring that minimizes loading, be able to lock down the PTO, and be completely
watertight.
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DISCUSSION AND CONCLUSION

DISCUSSION
Prior to this study, the Healy Wave Energy Converter (WEC) had scale model testing
performed in the UNH wave tank to determine the feasibility of the inertia tube concept and
estimate potential power output. During the construction of the WEC, the Healy design team
focused on improving the durability of the PTO and other components. To address these
concerns, components were upgraded or reinforced to add robustness to the system. With this
added robustness came added weight, and since the WEC is a floating body, weight restrictions
are critical. The improvements made to the system raised the center of gravity (cg) causing pitch
instability.
Since the WEC had already been mostly constructed, the solution to this instability was
to design a mooring/bridle system to keep the WEC upright in waves. The consulting firm Maine
Marine Consultants (MMC) performed computer modeling that indicated that the compensator
buoy/bridle system improved upright stability. In this study, an independent OrcaFlex modeling
program was initiated in concert with wave tank testing. Tank testing was a capability not
available to MMC. The UNH study also included investigations of physical processes and
evaluations of methods. Before deployment of such an imposing and expensive system, all
aspects of physical and numerical modeling were performed to investigate the behavior of the
system.
A 1:12.9 Froude scaled model made from wood, PVC pipe, and aluminum was built for
testing in the UNH wave tank. With the vertical cg of the Healy WEC, the model had an initial
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inclination up to 12 degrees. This inclination was not acceptable for free release testing, so it was
corrected by adding a ballast weight of 1.05 lbs (2.5% model’s weight) to the bottom of the
inertia tube, lowering the cg about an inch. This allowed the model to float within 0.2 degrees of
vertical and was deemed acceptable. This was a simple fix that could easily be added to the
existing inertia tube of the Healy WEC and with it being only 2.5% of the weight, it would not
change the waterline much. However, due to the large horizontal cg offset of the actual H-WEC,
it may need a larger ballast, or ballast only added to one side, to correct the inclination.
With a model that floated vertically, inclination testing and free release testing were
performed on the model to determine righting moment and natural frequencies that could be used
to calibrate the numerical modeling software OrcaFlex. The software does not include the
calculation for the radiated wave, so without calibration the model would be underdamped. First
the righting moment was checked to make sure the hydrostatics of the Froude-scaled physical
model matched that of the OrcaFlex model. Then the natural frequencies were matched by
adjusting the added mass and damping parameters in OrcaFlex until the free-release graphs were
a close match. This provided a reliable method for calibrating the software because it allowed the
numerical model’s dynamics to match the dynamics of a physical model that experiences the
radiated wave and other real-world phenomena.
After free release testing, the physical scale model was put in the UNH wave tank and
subjected to two wave fields at a range of periods. Before testing the 12.9 scale model, an
existing 9.4 scale model was tried, but it proved to be too big. Only one leg of the three leg
mooring fit in the tank, and it put the buoy only about 8ft from the wave dissipator. With there
only being one leg, the buoy was also free to move laterally in the tank and would approach the
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tank walls. This led to dynamic instabilities in both the tank experiments and the accompanying
OrcaFlex modeling.
The smaller 12.9 scale model fit in the tank better, however, the complete mooring still
would not fit. The solution to this was to wrap the two forward mooring legs around smooth
poles and redirect the mooring lines to the back of the tank (wave paddle end), while keeping the
bridles spaced 120 degrees apart. With the 3 legs in place, the 12.9 scale buoy stayed within the
center of the tank during testing. The motion tracking data during this testing was used to
determine RAOs for heave, pitch, and surge. The data from this testing was then scaled up for
comparison to full-scale numerical model predictions.
Two models were built in the numerical modeling software OrcaFlex, one that matched
the physical scale mode called UR-WEC, and one that matched the Healy WEC called H-WEC.
Due to the initial inclination of the H-WEC, OrcaFlex calibration was performed on the URWEC and applied to the H-WEC assuming they would have the same dynamic parameters
because they have the same shape.
The models were subjected to the scaled up waves from the tank testing. The models
tested were the UR-WEC with tank mooring, CB mooring, and with the bottom bridle line
removed, and the H-WEC with the CB mooring. The heave, pitch and surge RAOs were plotted
with the scaled up physical scale model data. OrcaFlex predictions for the UR-WEC with the
tank mooring agreed well with the tank observations. This validation provided confidence that
the OrcaFlex models could be used to investigate storm conditions and design modifications
beyond what could be done in the tank.
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In general, the heave RAOs had a similar shape, and for the UR-WEC the peak RAO
occurred at the same frequency as the physical scale model. The H-WEC model had the same
shape curve but was shifted in frequency due to the inclination. Pitch RAOs were all of similar
magnitude, and the surge RAOs followed the same trend for all models/configurations.
While the idea of the CB mooring was to keep the WEC vertical in waves, for the HWEC, the weight of the mooring actually increased the initial inclination by several degrees. To
attempt to remove this, the mooring pretension was increased, but the tension required to keep
the WEC vertical submerged the compensator buoys. Since a device that is not statically stable
should not be deployed in the ocean, the rest of the testing focused on the UR-WEC.
With RAOs of the UR-WEC matching well with the physical scale model, it was
determined OrcaFlex can be used to reproduce real wave situations accurately and have
confidence in the results. The next step was to subject the numerical models to wave
environments outside the limits of the tank. Sticking with single frequency, the WEC models
were subjected to storm amplitude waves from the UNH design wave and the 50-year storm
design wave; both of which are wave environments that happen off the coast of New Hampshire.
It was found that the CB mooring had very large snap loading, large pitch, and
submergence of the engine room ceiling. It was not until periods of 12 seconds and greater that
the mooring system performed as designed; the WEC had very little pitch and acted as a wave
follower. Wanting to avoid large snap loading, different configurations of the mooring were
tested. It was found that the best solution was to either add large amounts of compliance to the
bridle, or completely remove the bridle.
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During this testing it was also discovered that the steepness of the wave caused more
severe conditions than the amplitude of the wave. While the 50-year storm design wave had
larger waves, the smaller UNH design wave had steeper waves that created a harder environment
on the WEC and mooring system. When designing devices for a particular location the mooring
designs should be tested in the wave environment that is the most severe for the location of
deployment. While the system might perform adequately in the 50-year storm, the system might
fail in the smaller yet more severe conditions that can occur more frequently.
The single frequency storm testing showed some concerning conditions for the WEC to
endure. Yet the real ocean is not just single frequency, it is a mix of waves of varying heights
and periods creating a random sea. To further investigate the WEC in storms, OrcaFlex was used
to run random sea storm simulations. The UNH and 50-year storm design wave parameters were
used as significant wave height and peak period for random seas using a JONSWAP wave train
spectrum. Three mooring configurations were tested in each wave for 17 minutes. The three
configurations chosen were the CB mooring, and the two that showed the most promise in
removing snap: the anchor lines connected directly to the WEC, and the compensator buoys 60
m from the WEC with smaller lines.
Again, the UNH design wave was the more severe storm the WEC experienced with
higher instances of loading, extreme pitching, and complete submergence. However, for both
design waves all three configurations experienced the same unsatisfactory results. All lines for
all configurations experienced loading above the recommended working load limit. The WEC
had extreme pitching between 30 and 60 degrees, and two of the configurations had pitch over
90 degrees. The WEC also had complete submergence, sometimes several meters deep.
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In these large random sea storms, the bridle showed no benefits for the WEC; it only
added to the large snap loading. In these large storms, drag and inertial forces take over and the
WEC is thrown all over the place. The bridle components are pushed together making it useless
and an entanglement hazard. It should also be noted that the random sea runs did not include all
aspects of a real storm. Wind and currents were not included in the calculations. In a real storm
the conditions for the WEC would be even worse.

CONCLUSION

Since the storm response of a particular WEC/mooring system combination at a location
with its own storm wave climatic conditions is a unique modeling problem, conclusions are
focused on physical and computer modeling methods as design tools for analysis. Conclusions
regarding physical processes and design approaches to mitigating undesirable behavior are also
presented. Physical scale model testing proved to be a valuable asset in determining basic
hydrostatic and dynamic parameters, calibrating OrcaFlex, and evaluating its performance.
Below are important points gathered during physical scale model testing:

•

The inclination and free-release testing performed on the physical scale model
provided a reliable way of calibrating mass distribution, added mass, and damping
parameters for the OrcaFlex models. OrcaFlex does not have a built-in default
account for the radiated wave, so without this calibration the model would be
underdamped. Having data from a physical model that experiences the radiated
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wave, allows for confidence in the parameter selection when you can see the
numerical model is performing the same as the model in real water.

•

Wave tank testing needed to be performed with the complete mooring to have a
stable system. Initial testing with one mooring leg caused the system to be
unstable and these instabilities were also present in the numerical model when
attempting to use a single leg to reproduce tank results.

•

Being limited by the width of the testing environment, turning the 2 additional
mooring legs around a smooth pole to redirect the legs created a stable system.
This provided good measurement data for evaluating numerical models.

•

The wave tank wave itself was found not to be able to produce a stable steadystate wave train under all conditions. The wave data showed that the wave height
envelope could wander randomly or have increasing and decreasing wave trains.
The cause of this may be some flex in the wave paddle along with movement of
the wave dissipator at long periods, or the influence of secondary currents.

While the tank testing provided very useful information and allowed for numerical model
calibration, the physical model testing was limited by the testing environment. The wave tank is
only capable of producing small amplitude waves and does not do well with random seas. Thus,
large wave environments had to be modeled using OrcaFlex. The real ocean is a random sea and
is full of very large waves. Below are a few important points discovered during storm amplitude
modeling using OrcaFlex:

•

During storm amplitude testing snap loading developed between the compensator
buoy and the WEC. This happens when the waves bring them together for part of
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the wave cycle creating slack, then quickly moves them away from each other
causing snap.

•

The bridle line system was designed to restrain pitch motion, but only seemed to
be beneficial for long period, single frequency waves. RAOs were all consistent at
energy production range, and during random sea testing wave forcing was too
large for the bridle to restrain pitch.

•

To remove snap loading, increasing compliance in the bridle line was found to be
effective. This can be done by decreasing the line diameter or increasing line
length, or a combination of the two. Further testing will need to be performed to
determine the best line size and length if retaining the bridle configuration is used.

•

Eliminating the bridle line by connecting the anchor lines directly to the WEC
also removed the snap loading. However, without the compensator buoys to
handle the vertical loads of the mooring lines, the vertical motion of the WEC will
be hindered during energy conversion operations.

•

While large amplitude single frequency waves are useful for identifying physical
processes and trends occurring in the design changes, the random sea storm
simulations include waves combinations that are much more severe and more
realistic to the environment the WEC will experience.

•

It was found that steepness of the wave environment created a more severe
condition over having larger waves. While the 50-year storm design wave created
a storm with bigger waves with more energy, the smaller UNH design wave
turned out to be the more severe environment. For this reason, devices being
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designed for a specific area should be tested in the more severe conditions
experienced in the area, not just a possible big storm event.

•

Random sea storm testing showed complete submergence up to several meters
deep and extreme pitching no matter what mooring configuration was used. It is
essential for the device to have watertight integrity in storm conditions. It is also
recommended to have a further margin of safety by adding watertight
compartments or foam buoyancy.

This research shows how critical physical scale model testing and numerical modeling is
for the design of ocean devices. Even under simplified and controlled conditions, the device
experiences very extreme and violent situations that will be hard on the device. The device
should be tested extensively using physical scale model testing and numerical modeling in any
possible environment it might experience when deployed in the ocean. Then design
modifications can be made to the actual device and mooring to best fit its deployment locations.
With the ocean environment being unpredictable and conditions being very different in different
locations, it is important to simulate the device in real life conditions recorded from a given
deployment site. The most extreme conditions at the UNH test site are not going to be the same
extreme conditions experienced in a different part of the ocean.
It is also critical to have a stable system before deployment; the device should not rely on
a complex mooring system to remain stable for energy conversion. As shown in the data, a bridle
system not only adds complexity to the system, but it also produces unfavorable line loading. A
floating wave energy converter should be stable on its own during the wave environment it was
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designed for. The mooring should only be there to keep it in place with minimal effects on
dynamics.
When it comes to storms, there is no stopping the device from having large displacements
and some amount of submergence, so it is critical for the mooring to have manageable loading
and for the device to have watertight integrity. There should also be some form of backup
buoyancy in case of damage and water intrusion, such as watertight compartments or filling
voids with closed cell foam. Once a stable watertight device is designed, a simple mooring can
be designed around it for its site specific wave environment.
Future work on the WEC includes WEC design changes to improve upright stability. As
mentioned above, the cg of the H-WEC should be adjusted so the WEC is hydrostatically stable
and does not need the bridle to keep it upright. This can easily be accomplished by adding a
weight of 2.5% the WEC weight to the bottom of the inertia tube. The other solution would be to
rearrange heavy components or add additional buoyancy elements at the waterline, which would
require a rebuild.
Another thing to consider for WEC stability and mooring configuration will be how the
power will be transmitted for commercial applications. Power will need to be sent through power
cables attached somewhere on the WEC with enough slack to handle storm displacements. If the
WEC is only just statically stable, this cable hanging off the side could induce an inclination of
the WEC. The cable could also interact with bottom bridle lines when the WEC is pitching,
which could cause wear.
Future work should also include design improvements for watertight integrity. Concerns
were also raised about the waterline of the WEC because of oil seals between the float and
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inertia tube only being able to withstand a certain amount of water pressure. Additionally, since
the PTO is an air compressor/air turbine combination, air from the atmosphere needs to be able
to enter and exit the system. This means sections of the WEC will be open to the atmosphere at
times. These openings will need to be completely watertight during storm conditions, and it is
recommended to have any empty space either filled with foam or sealed air spaces to prevent the
buoy from flooding and sinking. The oil seals should also have a way to be made watertight
when the piston is locked down for storms.
Additional future work should be conducted to determine the accuracy of the OrcaFlex
tension results during snap loading. Since resolving snap loading time dependence is related to a
finite time step, it was assumed that the tension results were either equal to or greater than the
given value. The testing also did not include a breaking limit for the lines, so while the WEC
experienced extreme loading, the lines could have failed before the highest load recorded
actually occurred. Material strength of the WEC was also not included, and it is unknown if the
connection points can handle the loads observed during testing.
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APPENDIX
Mooring configuration tables for the 50-year storm design wave.

Mooring Configuration testing: UR-WEC 50 year storm design wave
Note: ERC- engine room ceiling. Snap loads. When mooring line goes slack then tensioned quickly.
Max Tension (after initial transient)
Mooring
Configuration
Case 2: Wood Model
CB mooring
configuration
Case 3: Top bridle
line is chain.

Case 4: Bottom bridle
line removed.
Case 5: Bottom bridle
line
lengthened to 37.8m.
Case 6: No
Compensator buoy or
bridle, anchor lines
directly to WEC.
Case 7: Bridle lines
attached to top and
bottom of inertia tube
Case 8: Larger comp
buoy

Wave
Height
(m)

10.7

Wave
Period
(sec)
Observations

13

Snap in top bridle line 1. ERC
does not submerge

Top Bridle
line (kN)

Bottom
Bridle
line (kN)

Anchor
line (kN)

Snap 18
line 1

30
line 1

36
line 1

Snap in top bridle line 1. ERC
does not submerge. Very little
pitch. Bridle chains cross each
other

Snap 39
line 1

38
line 1

45
line 1

10.7

13

10.7

13

Snap in top bridle line 1. ERC
back edge submerges about 1/8

Snap 43
line 1

N/A

36
line 1

10.7

13

Snap in top bridle line 1. ERC
edge just touches water

Snap 39
line 1

27
line 1

40
line 1

NA

NA

65
line 1

Snap 38
line 1

30
line 1

42
line 1

Snap 18
line 1

31
line 1

37
line 1

10.7

13

Bottom chain of anchor line
pulled off the bottom. ERC
submerges about 1/4

10.7

13

Snap in top bridle line 1. ERC
does not submerge

10.7

13

Snap in top bridle line 1. ERC
does not submerge. Lots of
rotation in comp buoy
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50 Year Storm
Design Wave.
H=10.7m
T=13 sec
Heave Amp (m)
Pitch Amp (deg)
Surge Amp (m)
Pretension (kN)

Case 2:
UR-WEC
CB
mooring
5.36
4
5.96
13.8

Case 3:
Top bridle
is Chain.
5.37
14
5.22
18

Case 5:
Case 4: Bottom Bottom
bridle line
bridle line
removed
lengthened.
5.42
5.44
30
25
8.5
5.75
5
10

Case 6: No
Comp
or bridle.
Anchor lines
to WEC
5.59
40
9.67
7

Case 8:
Case 7:
Larger
Bridle line Comp
locations buoy.
5.35
5.37
11
6
5.73
5.92
15
14

Additional Wave Steepness tables

UR-WEC with CB mooring: Waves approach in -X
Period (sec)
Wave Height (m)

7

8

8.8

10

12

14

5.75

7.487

9

11.378

15.4

19.335

3.14

4.41

5.24

5.65

7.35

9.61

Pitch amp (degree)

18

25

40

35

32

26

Surge amp (m)
Top Bridle line
max tension (kN)
Bottom Bridle Line
max tension (kN)
Anchor Line max
tension (kN)

4.86
Snap 22
line 2&3
22
line 2&3
28
line 2&3

5.84
Snap 31
line 2&3
32
line 2&3
35
line 2&3

6.04
Snap 30
line 2&3
38
line 2&3
36
line 2&3

6.23
Snap 31
line 2&3
42
line 2&3
44
line 2&3

7.14
Snap 42
line 2&3
59
line 2&3
60
line 2&3

9.36
Snap 47
line 2&3
65
line 2&3
77
line 2&3

Heave amp (m)
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Wave steepness single frequency storm
Mooring
Configuration

5.75

7.49

UR-WEC with CB
mooring
configuration,
Waves
approaching in the
-X direction

Max Tension (after initial transient)
Top
Bottom
Bridle
Bridle
Anchor
line (kN) line (kN) line (kN)

Wave Wave
Height Period Observations
(m)
(sec)

9

11.378

15.4

19.335

7

8

8.8

10

12

14

Snap in top bridle line 2 & 3.
Top bridle line 1 makes a
loop when slack. ERC
submerges about 1/2. Comp
buoy 2 & 3 submerge
Snap in top bridle line 2 & 3.
Top bridle line 1 makes a
loop when slack and crosses
bottom bridle line at comp
end. ERC submerges about
3/4. Comp buoy 2 & 3
submerge
Snap in top bridle line 2 & 3.
Top bridle line 1 makes a
loop when slack and crosses
bottom bridle line at comp
end. ERC submerges about
3/4. Comp buoy 2 & 3
submerge
Snap in top bridle line 2 & 3.
Top bridle line 1 crosses
bottom bridle line at comp
end. ERC submerges about
1/2. Comp buoy 2 & 3
submerge
Snap in top bridle line 2 & 3.
Top bridle line 1 crosses
bottom bridle line at comp
end. ERC submerges about
1/4. Comp buoy 2 & 3
submerge
Snap in top bridle line 2 & 3.
Top bridle line 1 makes a
loop when slack and crosses
bottom bridle line at comp
end. ERC edge touches
water. Comp buoy 2 & 3
submerge. Very little pitch
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Snap 22
22
line 2 & 3 line 2 & 3

28
line 2&3

Snap 31
line 2 & 3

32
line 2&3

35
line 2 & 3

Snap 30
line 2 & 3

38
line 2&3

36
line 2&3

snap 31
line 2 & 3

42
line 2&3

44
line 2 & 3

Snap 42
line 2 & 3

59
line 2&3

60
line 2 & 3

Snap 47
line 1

65
line 2&3

77
line 2 & 3

Wave steepness single frequency storm waves, no bottom bridle
ERC-engine room ceiling
Wave Wave
Mooring
Height Period
Configuration
(m)
(sec) Observations

UR-WEC with
bottom bridle line
removed

Max Tension (after initial transient)
Bottom
Top Bridle Bridle
Anchor
line (kN) line (kN) line (kN)

5.75

7

Snap loads in top bridle line 1.
ERC submerges about 1/2

7.49

8

Snap loads in top bridle line 1.
ERC submerges completely

9

8.8

Snap loads in top bridle line 1.
ERC submerges completely

11.378

10

15.4

12

19.335

14

Snap 40
line 1

N/A

25
line 1

Snap 50
line 1

N/A

35
line 1

Snap 50
line 1

N/A

41
line 1

Snap 60
line 1

N/A

48
line 1

No snap, but pitches almost
80 degrees

120
line 1

N/A

110
line 1

No snap, but pitches almost
80 degrees, all comp buoys
submerge

170
line 1

N/A

166
line 1

Snap loads in top bridle line 1.
ERC submerges about 1/2

UR-WEC with bottom bridle line removed
Period (sec)
Wave Height (m)
Heave amp (m)

7

8

8.8

10

12

14

5.75

7.487

9

11.378

15.4

19.335

3.23

4.57

5.4

5.5

8.4

10.05

Pitch amp (degree)

15

20

25

19.6

45

50

Surge amp (m)

4.1

5.56

6.2

6.78

9.57

9.8

Snap 40
line 1

Snap 50
line 1

Snap 50
line 1

Snap 60
line 1

120
line 1

170
line 1

N/A
25
line 1

N/A
35
line 1

N/A
41
line 1

N/A
48
line 1

N/A
110
line 1

N/A
166
line 1

Top Bridle line
max tension (kN)
Bottom Bridle Line
max tension (kN)
Anchor Line max
tension (kN)
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Additional wave steepness plots
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Spectral density RAO plots
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